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ABSTRACT

Generating and reacting cations at the site ε- to a carbonyl, or other electronwithdrawing group, is a segment of Umpolung chemistry which has seen little
research as it is a synthetic challenge. This is especially true of reactions involving
sole ε-site reactivity, since often reactivity at the γ-site competes.
This thesis demonstrates the synthesis of four ε-carbonyl cation equivalents
and their reaction with nucleophiles. These reactions were facilitated by Lewis acid
catalysts and gave sole ε-reactivity with fair to excellent yields. Two ester substrates
were synthesized in simple, high-yielding reactions while two ketone substrates
were more difficult to obtain in significant quantities, but were successfully
synthesized. When each of the compounds were reacted with a variety of
nucleophiles the greatest results were obtained from aromatic nucleophiles, in yields
of up to 92%. A handful of nucleophiles— those containing Lewis basic components
or trimethylsilyl groups— presented challenges, but after adjusting the Lewis acid
catalyst loading or catalyst itself the desired products were obtained in some amount.
The ionizations of these substrates, and similar compounds, were also studied by
computational methods to show the desired transformations are energetically
attainable.
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CHAPTER 1:
INTRODUCTION
1.1. Lewis Acids

The theory of Lewis acids and bases was introduced by Gilbert Lewis and states
that Lewis acids accept electrons while Lewis bases donate electrons.1 This is more general
than the Brønsted acid-base theory as Lewis acids can include halides of higher oxidation
states of metals.2 Some examples of Lewis acids include BF3, SiBr4, ZnCl2 and GaCl3. BF3
is a simple and common Lewis acid with an empty p orbital which can accept electrons
from a Lewis base to form an acid-base adduct, as shown in Scheme 1.1.

Scheme 1.1. Reaction of BF3, a Lewis acid, with F-, a Lewis base, to form an acid-base adduct with
a dative bond.

The hard-soft acid base (HSAB) theory was later introduced by Pearson and
describes the stability of acid-base adducts by classifying both acids and bases into hard,
soft, and borderline categories (Table 1.1).3 Hard Lewis acids are smaller in size, less
polarizable and have higher charge density, while soft Lewis acids are the opposite.
Pearson also found that hard Lewis acids interact strongest with hard Lewis bases, and soft
Lewis acids interact strongest with soft Lewis bases, as compared to the interaction of one
hard and one soft component.
1

Table 1.1. A selection of examples from Pearson’s hard-soft acid base theory.3

Hard Lewis acids

Hard Lewis bases

H+, Na+, Mg2+, Ga3+, In3+, Cr3+, H2O, OH-, F-, PO43-, Cl-, ClO4-,
Fe3+, Sn4+, BF3, AlCl3, NC+

NO3-, RO-

Soft Lewis acids

Soft Lewis bases

Cu+, Hg+, Pt2+, GaCl3, InCl3, RS+, R2S, RS-, I-, R3P, CN-, CO, H-, RI+, Br+, I2, Br2, N, CH2
Borderline Lewis acids

Borderline Lewis bases

Fe2+, Ni2+, Bi3+, SO2, Ru2+

C5H5N, N3-, Br-, NO2-, N2

Some of the most traditional Lewis acids contain group 13 elements: boron,
aluminum, gallium and indium, with the first two being used most prevalently. Indium(III)
species have been becoming more popular in the past few decades though, likely because
they are fairly tolerable to water and can be applied to a wide variety of reactions.4 It is
also interesting to note that while the Lewis acids involving In3+ and Ga3+ with halogens
are soft Lewis acids, other In3+ and Ga3+ compounds involving ligands with nitrogen and
oxygen donor atoms are considered hard Lewis acids.
Lewis acids are crucial components of many chemical reactions, with the FriedelCrafts reactions being classic examples. Friedel-Crafts alkylation and acylation are wellknown carbon-carbon bond forming reactions utilizing Lewis acids for activation of alkyl
halides and acyl halides. However, traditionally a stoichiometric amount of Lewis acid is
necessary and the conditions required are quite extreme.5 Some other reactions that involve
Lewis acids facilitating new carbon-carbon bond formations are the Diels-Alder reaction,6
ene reaction,7 Hosomi-Sakurai reaction,8 and Prins reaction.9 Examples of each of these
can be seen in Scheme 1.2.
2

Scheme 1.2. Examples of Friedel-Crafts,10 Diels-Alder,11 ene,12 Hosomi-Sakurai,13 and Prins
reactions.14

3

1.2. Umpolung Chemistry
Organic compounds often contain heteroatoms such as oxygen and nitrogen which
have lone electron pairs, making them possible electron donors in reactions. These
heteroatoms also polarize the carbon skeleton to which they are bonded, resulting in an
alternating donor/acceptor pattern as seen in Figure 1.1. This pattern typically leads to the
ready formation of 1,3- and 1,5-dioxygenated compounds such as the products from the
aldol, Claisen, and Michael reactions as well as many others.

Figure 1.1. Normal reactivity of sites adjacent to a carbonyl and the generic reaction products of
selected reactions.

On the other hand, Umpolung refers to the reversal of normal reactivity or polarity
based on functional groups such as the carbonyl.15 The term Umpolung was first introduced
in 1951 and has since comprised a significant sector of synthetic chemistry.16 Reactions
that follow Umpolung reactivity patterns can result in functionalization of the sites α-, γor ε- to a carbonyl group (or other EWG, Figure 1.2). Forming carbon-carbon bonds has
long been a crucial component of synthetic organic chemistry. Through use of Umpolung
methods, non-traditional carbon-carbon bond formations can be made which were
4

previously quite difficult to obtain.17 There are also many examples of these types of
compounds found as useful natural products, which will be discussed in Section 1.5.

Figure 1.2. Umpolung reactivity pattern.

To date, there is a lengthening list of methods for accomplishing Umpolung
processes. One popular method is the Corey-Seebach reaction using 1,3-dithianes, which
was first reported in 1975.18 This reaction uses a 1,3-dithiane compound 1 as a “masked
acyl anion.” A strong base is necessary to first deprotonate the carbon atom between the
two sulphur atoms in 2, and the resulting anion 3 is very nucleophilic and unstable unless
at low temperature. Anion 3 then attacks a relatively unsubstituted carbonyl electrophile to
result in the α-hydroxy dithiane 4, as depicted in Scheme 1.3. There are several methods
known for deprotecting the dithianoacetal 4 back to a carbonyl group for the final product
5, which now has an adjacent alcohol function.

Scheme 1.3. Generic Corey-Seebach reaction involving two aldehydes.

5

The benzoin condensation is also worth discussion due to its popularity. In 1832 it
was reported that cyanide ions could formally deprotonate the aldehyde proton on
benzaldehyde, rendering it nucleophilic enough to attack another molecule of
benzaldehyde. Decades after the initial report, it was demonstrated that thiazolium salts
could also catalyze this reaction, which opened up the catalyst possibilities to a huge array
of n-heterocyclic carbenes (NHCs).19 NHCs such as 6 are now most commonly used for
catalyzing benzoin condensations, and these reactions can give products such as 7 with
high enantioselectivities (Scheme 1.4).20,21 The reaction is initiated with generation of an
acyl anion equivalent by interaction of the aldehyde and catalyst. An intermediate known
as the Breslow intermediate is formed which reacts with another molecule of
benzaldehyde.22 This reaction has some limitations though, since identical aldehydes or
intramolecular reactions are often necessary, and the groups adjacent to the aldehydes
usually must be aromatic.23

Scheme 1.4. Benzoin condensation catalyzed by NHC 6.21

6

Similarly, the Stetter reaction can reliably result in 1,4-dioxygenated compounds.
Essentially an extension of the benzoin condensation, the Stetter reaction was first reported
in 1973 as the addition of aldehydes to α,β-unsaturated carboxylic esters, ketones and
nitriles using cyanide ions as the catalyst to result in a new carbon-carbon bond.24 Similarly
to as seen previously with benzoin condensation, NHC catalysts have been found to be
very effective and can also result in highly enantioselective Stetter reactions, and this is
where most research is focused currently.25 One such example is shown in Scheme 1.5,
where the NHC catalyst 8 facilitated a reaction between an α,β-unsaturated ester and
aromatic aldehyde to give 9.26

Scheme 1.5. Enantioselective Stetter reaction catalyzed by NHC 8.26

Another method for obtaining 1,4-dicarbonyl compounds that is quite simple is to
hydrolyze furans under acidic conditions.27 This reaction has been known for over a
century and has been applied to a wide variety of substituted furan compounds.28 One
example is shown in Scheme 1.6, where 10 is demonstrated to open upon hydrolysis to
result in the 1,4-dicarbonyl compound 11.29

7

Scheme 1.6. Acid-catalyzed opening of a substituted dihydrofuran 10.29

1.3. Reactions of γ-Carbonyl Cations
The reaction of electrophilic allyl and propargyl compounds with nucleophiles is a
commonly used technique in organic chemistry. However, this chemistry is challenging
when the system involves an electron-withdrawing group, such as a carbonyl. As a result,
the generation and reaction of cations at the site γ- to a carbonyl or carbonyl equivalent (12
and 13) has not seen as much work, although it is a vital sector in Umpolung chemistry
(Figure 1.3). To date, there have been a small collection of methods utilized for these
transformations and selected examples will be explored in this section.

Figure 1.3. Generic cations at the site γ- to a carbonyl group.

One method for accessing propargyl cations that the Green group has extensively
demonstrated is the Nicholas reaction. The Nicholas reaction first was reported in 1972
and is an excellent technique for functionalizing the γ-carbonyl site.30 Dicobalt
octacarbonyl coordinates to alkynes to give hexacarbonyldicobalt alkyne complexes,
which can stabilize propargylic cations. These cations can then reliably undergo
nucleophilic attack, resulting in functionalization of the propargylic site with a wide array
8

of functional groups.31 One example is shown in Scheme 1.7, where silver(I) was used to
mediate Nicholas reactions of propargyl chloride complexes, resulting in fair to good yields
of 15 after nucleophilic substitution of 14 (and similar compounds).32 The γ-carbonyl
cation version of the Nicholas reaction can also occur in an intramolecular fashion, and has
been used to synthesize medium-ring cycloalkyne dicobalt complexes.33

Scheme 1.7. Nicholas reaction mediated by AgBF4.32

Utilizing common coupling reactions has also successfully resulted in
functionalizing the site γ- to a carbonyl (Scheme 1.8). The Suzuki-Miyaura reaction
involves coupling an organohalide and organoborane usually using a palladium catalyst
and base.34 In one such reaction, a γ-bromoenoate 16 was able to be coupled to
commercially available thiophene-boronic acid compounds such as 17, with yields of 2775% of 18 and related compounds.35 Similarly, Stille coupling forms a new γ-site carboncarbon bond by coupling organohalides and stannanes through the use of catalytic
palladium complexes.36 Stille coupling was demonstrated to be applicable to the coupling
of γ-haloenonates 19 with 20 to give the unsaturated product 21 in excellent yield.37 The
authors also applied these methods to the coupling of a handful of other allyl halide and

9

vinyltin reagents with yields of 56-100%. As well, catalytic enantioselective cross coupling
of γ-haloamides 22 with a variety of alkylboranes such as 23 has been demonstrated by the
use of a chiral nickel catalyst to give good yields and enantioselectivities of 24 and similar
compounds (51-83% yield, 69-91% ee).

Scheme 1.8. Coupling reactions of γ-carbonyl cation equivalents.35,37,38

Several decades ago, the enolate reactions of γ-bromoenoate 25 were reported to
give either the direct SN2 products 26 or cyclopropanes 27 resulting from a Michaelinitiated ring closure reaction (Scheme 1.9).39 When using a THF/HMPA (20:1) solvent
system with less reactive nucleophiles such as 28, the SN2 product 26 was the sole product.
When using more reactive nucleophiles in the same solvent mixture, the cyclopropane 27
was the preferred or sole product. However, when using pure THF as solvent, the
cyclopropane products were now favored for most nucleophiles, such as 29 and 30, except

10

the least reactive studied. This is important as it demonstrates how this γ-carbonyl cation
equivalent 25 can give two different functionalized products depending on the reaction
conditions.

Scheme 1.9. Enolate reactions of γ-bromoenoates give either the direct SN2 product 26 or
cyclopropane product 27, or a mixture of the two.39

Another method to generate and react γ-carbonyl cation equivalents involves
phosphine catalyzed nucleophilic additions to alkynoates or allenoates. Trost first reported
on the addition of nucleophiles to the γ-site of 2-alkynoates40 and this was later further
extended to new substrates and nucleophiles such as the formation of 31 by Lu and
coworkers (Scheme 1.10).41-42 One downfall of these reactions though is they require quite
strong nucleophiles with conjugate acids in the pKa range of 4-16.
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Scheme 1.10. Nucleophilic addition to γ-site of 2-alkynoate.41

Late transition-metals can also catalyze allylations of similar carbonyl (or carbonyl
equivalent)

substituted

compounds.

Palladium-,43

molybdenum-44 and

iridium-

complexes45 have all been successful in catalyzing these transformations. As seen in
Scheme 1.11, iridium efficiently catalyzed the substitution of dibenzylamine onto 32, a γcarbonyl equivalent, to give a mixture of 33a and 33b in excellent yields.45 Sodium azide,
NaOAc and TBAA as nucleophiles were also demonstrated with yields of 25-76% and
good enantioselectivities (all 95:5 E/Z). However, one downside of these metal-mediated
transformations is that the electrophiles are only modest in reactivity, so a strong
nucleophile is required.46

Scheme 1.11. Reaction of γ-carbonyl cation equivalent 32 with dibenzylamine catalyzed by an
iridium-complex.45

Lewis acid mediated reactions of activated cyclopropanes can also serve to
functionalize carbonyls at the γ-site, and proceed through a more electrophilic intermediate.
Bamball and Kemmitt proved that ethylaluminum dichloride can mediate the reaction

12

between allyltrimethylsilane and simple acceptor-activated cyclopropanes such as 34 to
give good to excellent yields of 35, as seen in Scheme 1.12.47 The reaction of these
activated cyclopropanes has also been applied to many other systems, with one example
being reacting these with indoles catalyzed by ytterbium triflate.48 These reactions often
occur alongside rearrangement of the carbon backbone though, so γ-carbonyl cation
functionalization products are not always the main result.

Scheme 1.12. Lewis acid catalyzed reaction of acceptor-activated cyclopropane with allyl TMS.47

Overall, there have been several methods proven effective for generating and
reacting cations at the site γ- to a carbonyl or its equivalent. Most of these methods have
their own limitations, but research has been conducted on these cations for decades and
they have resulted in the synthesis of many new compounds. As well, some of these
synthetic methods have also been applied to the synthesis of natural products such as
velloziolide49 and microstegiol.50

1.4. Reactions of ε-Carbonyl Cations
As seen in the previous section, there have been several successful methods for
generating and reacting γ-carbonyl cations and their equivalents. However, there is a
limited number of examples involving highly electrophilic substrates. Even more limited
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is the research on vinylogous versions of these compounds, also called ε-carbonyl cation
equivalents (Figure 1.4).

Figure 1.4. Generic cation at the site ε- to a carbonyl group.

It is known that with allylic propargyldicobalt complexes, such as those used in the
Nicholas reaction, carbon nucleophiles attack remote to the alkynedicobalt function
preferentially.51 Knowing this, an intramolecular vinylogous Nicholas reaction has been
applied to aryl substituted acetoxy enyne-Co2(CO)6 compounds to give the tricyclic 6,7,6ring system 36 and similar compounds reliably (Scheme 1.13).52 This reaction required
excess amounts of the Lewis acid BF3•OEt2 but worked quickly and afforded very good
yields.

Scheme 1.13. An example of an intramolecular vinylogous Nicholas reaction.52

Recently, the Green group also studied vinylogous Nicholas reactions involving
compounds 37-40 to functionalize the site ε- to the carbonyl or carbonyl equivalent
(Scheme 1.14).53 Reaction of 37 gave a mixture of ε- and γ- products (41a and 41b) in
yields of 68-83% with ε-/γ- ranging from >98:2 to 56:44 and 38 and 39 giving similar
results. For selected nucleophiles and 37-39, the ε-/γ- site selectivity could be poor
14

(although most nucleophiles gave excellent selectivity), but 40 gave the sole desired
product with these nucleophiles in yields of 64-68%.

Scheme 1.14. ε-Carbonyl cation equivalents undergoing vinylogous Nicholas reactions.53

The use of vinylcyclopropanes (VCPs) such as 42 as ε-carbonyl cation equivalents
has been developed to apply to a variety of systems as well. However, substitution often
occurs at the site γ- to the carbonyl equivalent, and although this could also be synthetically
useful, it is not optimal when exclusive reactivity at the ε- site is desired (Figure 1.5).54
Whether addition occurs at the γ- or ε- site of activated VCPs is often dependent on the
nucleophile, as it was demonstrated several decades ago that while thiolate anions (RS -)
add to the γ- site,55 mercaptyl radicals (RS•) add to the ε- site.56
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Figure 1.5. Generic vinylcyclopropane showing both nucleophilic attack site possibilities, γ- and
ε- to the electron withdrawing groups.

Determining if nucleophilic attack occurs at the γ- or ε- site also depends on the
catalyst in the reaction. Niu and coworkers developed the ring-opening of VCPs with
purines to give three different products depending on catalyst (Scheme 1.15).57
Pd2(dba)3•CHCl3 as a catalyst gives the ring opening at the ε-carbonyl cation site (44) while
stoichiometric AlCl3 and a MgI2 catalyst give reaction at the γ- site (45 and 46), although
with nucleophilic attack from different nitrogen atoms of purine. All three of these reaction
conditions were successfully applied to several purine derivatives and EWGs on the VCPs
resulting in good to excellent yields.
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Scheme 1.15. Reaction of purine 43 with activated VCP 42 gives three different products based on
the reaction conditions.57

There have been several examples of the use of palladium catalysts for
functionalizing the ε-site of these activated vinylcyclopropanes (Scheme 1.16). Using
palladium pincer complex catalysts, allyltrifluoroborates (47) were produced from VCPs
in excellent yields (81-89%).58 As well, palladium complexes successfully catalyzed the
addition of nucleophile 48 to the vinylogous site in yields of up to 98% of 49 and related
compounds.59 However, if an excess of the VCP 42 was not used, dimerization products
were often observed. A three-component synthesis of two new carbon-carbon bonds in one
pot involving a substituted VCP was also developed and catalyzed by a palladium complex
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to give 50.60 This demonstrated the first combination of ring opening of activated VCPs
with arynes and was also implemented in the reaction of a library of arenes and alkynes.

Scheme 1.16. Selected reactions of activated VCPs catalyzed by palladium complexes.58-60

Wu and coworkers demonstrated it is possible to use rhodium catalysis for
simultaneous C-H and C-C activation to give coupling of VCPs with Nmethoxybenzamides (Scheme 1.17).61 N-Methoxybenzamides such as 51 are highly
reactive to C-H activation and the highly strained substituted cyclopropanes are easily
susceptible to C-C bond activation. A variety of N-methoxybenzamides were studied with
several electron withdrawing groups on the VCP to give very good yields of 52 and similar
compounds with E/Z ratios varying from 5:1 to 31:1.
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Scheme 1.17. An example of the coupling of an activated vinylcyclopropane with an Nmethoxybenzamide by a rhodium(III) catalyst.61

Another metal catalyst that has been useful for reactions of VCPs is nickel(0)
derived (Scheme 1.18). Activated VCPs were reacted with bis(pinacolato)diboron 53 in the
presence of nickel catalyst to give allylic boronates such as 54 with high ε-selectivity, albeit
with some poor yields (20-85% range).62 Iron(-II) has also been successfully used for
nucleophilic addition to VCPs using acidic pro-nucleophiles such as 55 (Scheme 1.18).63
There was some nucleophilic attack in these cases at the γ- site as well though, with γ-/εratios of 56 ranging from 85:15 to 100:0 and yields of 70-96%.

Scheme 1.18. Reaction of activated VCPs catalyzed by nickel(0) and iron(-II).62-63
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Overall, there have been a small number of reactions proven useful for generating
and reacting cations at the remote site ε- to a carbonyl, or similar electron withdrawing
group. Research has mainly focused on either vinylogous Nicholas reactions, or activated
vinylcyclopropanes, but both of these methods have major drawbacks to be discussed
further in Section 1.6.

1.5. Examples of ε-Functionalized Compounds
The reactions in Section 1.4, demonstrating reactivity at the site ε- to a carbonyl
equivalent function, can theoretically be used to form a wide array of compounds. Some of
these compounds have important functions and some exist as natural products. This section
shows selected examples of beneficial compounds that could be synthesized from εcarbonyl cation equivalents.
There are many alkamides that exhibit a wide array of bioactivities.64 Recently,
dichloromethane extracts from the roots of Anacyclus pyrethrum L., which contains several
alkamides including compounds 57-59, were studied for effectiveness as an antiprotozoal
drug (Figure 1.6). A. pyrethrum has been used for centuries to naturally treat fevers and
other conditions, including malaria since the 16th century.65 Compounds 57 and 58
exhibited the most antiprotozoal activity of those extracted against Plasmodium
falciparum, which causes malaria, albeit with not especially good activity.66
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Figure 1.6. Alkamides extracted from roots of Anacyclus pyrethrum L. studied for effectiveness as
an antiprotozoal drug.66

Alkamides extracted from Zanthoxylum bungeanum O. (Figure 1.7) were recently
studied for their effectiveness on treating diabetic rats.67 A mixture of alkamides containing
roughly 26% hydroxyl-α-sanshool 60, 40% hydroxyl-β-sanshool 61 and 29% hydroxyl-γsanshool 62 was administered to the rats studied and it was found that this mixture may
ameliorate protein metabolism disorders in these rats through activation of the mTOR
pathway. Therefore, these compounds could potentially be useful for diabetic treatments.

Figure 1.7. Alkamides extracted from Zanthoxylum bungeanum O.67
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Thiophene numbing principle 63 has been used for centuries in Chinese medicine
and can be used as an insecticide or paraciticide, as well as for nervous ailments, headaches,
tinnitus and night blindness (Figure 1.8).68 Erythrococcamide A (64) is an excellent
insecticidal agent and demonstrates toxicity against the housefly and tobacco budworm.69
Two more natural products that contain the adjacent diene and amide functions are 65 and
66. These compounds were among those isolated from Zanthoxylum bungeanum and
exhibited nitric oxide (NO) inhibitory activity which may play a role in the antiinflammatory activity of Z. bungeanum.70 In addition, compound 67 was used as an
inhibitor of membrane transport of endocannabinoids.71

Figure 1.8. The structures of compounds 63-67.68-71
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1.6. Reasoning for Current Research
As mentioned above, our group has worked extensively on the Nicholas reaction to
give substitution of γ-carbonyl cations, and have extended this chemistry to work well with
vinylogous versions for ε-carbonyl cations.53 While these reactions work reliably, there are
a few drawbacks associated with all Nicholas reactions that are worthy of discussion. First,
the alkyne requires complexation with a stoichiometric amount of dicobalt octacarbonyl
and decomplexation after the nucleophilic reaction, resulting in two additional steps and
decreasing effectiveness. Also, a stoichiometric amount of Bu2BOTf is necessary to result
in the transformation where a catalyst would be more agreeable, both environmentally and
often economically. It is also desired to have sole reactivity at the ε-site.
There have also been reports on several activated vinylcyclopropanes that can result
in ε-functionalization. However, these too come with disadvantages of their own. They
often also give γ-reactivity and require the cyclopropane to be very activated by two strong
electron withdrawing groups on one carbon atom. These reactions are also technically a
rearrangement of the carbon backbone and some require complex heavy metal catalysts.
We have therefore recognized an inadequacy in methods for generating true εcarbonyl cations and reacting them to give products selectively. The few examples
involving ε-carbonyl cation equivalents that have been demonstrated previously often
utilize protected or hidden cations. Creating a method for generating and reacting true εcarbonyl cations would very beneficial for two main reasons; this would create a new
synthetic route to access compounds previously very difficult to attain, and these methods
could also be applied to synthesis of large amounts of interesting natural products
containing diene-carbonyl equivalent groups for use in the medical or agricultural field.
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The following work shows our efforts towards the goal of solving this synthetic
problem; including the synthesis of starting materials for ε-site functionalization with
various carbonyl/electron-withdrawing groups, the utilization of Lewis acids catalytically
to react these starting materials with a variety of nucleophiles, and study of the stability of
these cations by computational methods. The cations generated herein are true, unhidden,
unprotected ε-carbonyl cations, making this work unique and promising (Figure 1.9).

Figure 1.9. Generic ε-carbonyl cation.
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CHAPTER 2:
RESULTS AND DISCUSSION

2.1. Computational Studies of Ionization Reactions
2.1.1. ε-Carbonyl Cations
The stabilities of the target compounds, ε-carbonyl cations, were studied to see if
the desired ionization reactions were viable computationally. The reaction of allyl bromide
69 with nucleophiles catalyzed by InCl3 is well known and works efficiently, so it was used
as the benchmark for comparing the vinylogous versions of interest (Figure 2.1).72 A
vinylogous allyl bromide (dienyl bromide) with no adjacent electron withdrawing group
(70) was studied, as well as similar compounds with electron withdrawing groups adjacent
to the diene function. Ethyl ester (82) and phenyl ketone (104) substituted dienyl bromides
were analyzed as it was planned to synthesize these two compounds and study their
reaction with nucleophiles.

Figure 2.1. Ionization of allyl bromide 69.

The energy of ionization for compounds 69, 70, 84 and 104 were simply calculated
as the combined energies of the cation and anion (Br-), minus the energy of the initial
compound (Figure 2.2). This gave a measure of the amount of energy necessary to ionize
the desired compound. By comparing the given value to the experimentally known
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ionization of allyl bromide, it can be seen if the ionizations of interest are more or less
energetically favourable.
Density functional theory (DFT) was used for the computations as it is a common
and useful method for studying the electronic properties of various compounds with the
use of functionals (Table 2.1).73 B3LYP is one of the exchange-correlation functionals used
in DFT calculations and is comprised of the exchange functional by Becke74 and correlation
functionals by Lee, Yang and Parr.75 All DFT functionals have limitations and challenges,
but B3LYP is applicable to a wide range of systems with low computing time required,
thus why it is so popular today. B3LYP/6-31+G(d,p) is generally accepted as an all-purpose
choice for organic molecules, so it was the functional and basis set used for this study
initially. While this gave good results, optimization by a slightly more complex basis set
6-311++G(d,p) was then undertaken as the molecules were so simple that the increased
calculation time was minimal, and this could give more accurate optimization results.

Figure 2.2. Bromide compounds for computational study.
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Table 2.1. Energies of ionization for compounds 69, 70, 82 and 104 in the gas phase and in
dichloromethane solvent.

Compound

Gas phase

Dichloromethane

ΔE of

ΔE of

ΔE

ΔE of

ΔE of

ΔE

Ionization

Ionization

compared

Ionization

Ionization

compared

(a.u.)

(kcal/mol)

to 69

(a.u.)

(kcal/mol)

to 69

69

0.8897

558.3

0

0.7034

441.4

0

70

0.8510

534.0

-24.33

0.6766

424.6

-16.81

82

0.8530

535.3

-23.07

0.6861

430.5

-10.86

104

0.8467

531.3

-27.00

0.6832

428.7

-12.67

In the gas phase, compounds 70, 82 and 104 all had smaller energy of ionizations
compared to 69, with phenyl ketone 104 being the smallest ΔE and ethyl ester 82 the largest
of the dienyl bromides. This leads us to believe that these transformations should be quite
easy to accomplish, as the energy needed to ionize the desired starting materials is smaller
than that needed for the common allyl bromide ionization. However, this study represents
the ions in gas phase and in the laboratory the reactions would be performed in solvent, so
calculations involving the dielectric constant from dichloromethane were performed as
well.
The energetic calculations in dichloromethane were completed, and they show a
smaller energy difference between 70, 82 and 104 and allyl bromide 69, but still that all
reactions are more energetically favourable than allyl bromide ionization. In
dichloromethane, the ionization of the unsubstituted dienyl bromide 70 required the least
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amount of energy, which is satisfying from first principles as it does not contain an electron
withdrawing group. The phenyl ketone 104 ionization has a slightly higher ΔE than dienyl
bromide, and ethyl ester 82 a slightly higher yet, with all of these compounds having
smaller ionization energies required than allyl bromide 69. This leads us to believe that the
desired ionizations in this project of compounds 82 and 104 should be accessible in
dichloromethane with Lewis acid catalysts (Figure 2.3).

Figure 2.3. Optimized structures of cations of compounds 82 and 104.

2.1.2. Propargyl Cations
In other projects in the Green group, the feasibility of catalytic propargyl cation
generation is being studied. Therefore, in a manner similar to the calculations performed
on dienyl bromides shown in Section 2.1.1, the ionization of an array of propargyl
compounds were studied computationally to compare to allyl bromide (Figure 2.4). It was
hypothesized that since the dienyl bromide ionizations were favourable, perhaps similar
reactions could occur with propargyl bromides in the future.
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Figure 2.4. The ionization of 71, unsubstituted propargyl bromide.

Figure 2.5. Allyl bromide and the propargyl compounds studied.

Compounds 71-81 (Figure 2.5) were studied using the same function and basis set
as the dienyl compounds in Section 2.1.1, namely B3LYP/6-311++G(d,p) (Table 2.2). It
was found that the ionizations of compounds 71-76 required more energy than allyl
bromide 69. However, the increase in energy necessary for the ionizations of 74-76
compared to 69 is very small (less than 1 kcal/mol). On the other hand, compounds 77-81
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required less energy for ionization of the Br- relative to 69 and are therefore more
favourable.
Table 2.2. The change in energy related to ionization of the compounds 69 and 71-81.

ΔE of

ΔE of

ΔE relative to

Ionization

Ionization

69

(a.u.)

(kcal/mol)

69

0.7034

441.4

0

71

0.7248

454.8

13.5

72

0.7076

444.1

2.7

73

0.7053

442.6

1.2

74

0.7045

442.1

0.7

75

0.7044

442.0

0.6

76

0.7037

441.6

0.2

77

0.7015

440.2

-1.1

78

0.6841

429.3

-12.1

79

0.6836

429.0

-12.4

80

0.6470

406.0

-35.4

81

0.6421

403.0

-38.4

Compound

As stated previously, the ionization of allyl bromide facilitated by the Lewis acid
InCl3 is well-documented.72 Since it is fairly easy to experimentally induce the ionization
of 69, it is also likely to be able to cause the ionization of 77-81 as these are more favourable
energetically. There is only a small energetic difference in between these reactions of 69
and 74-76, so these are likely possible as well. The ionization of unsubstituted propargyl
bromide 71 is quite unfavourable, which is not surprising as it contains no functional
groups, in addition to the alkyne itself, for stabilization of the positive charge.
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Compounds 77-79 contain types of substitution that are not readily removable from
the alkyne. However, compounds 80 and 81 are not only the significantly most favourable
ionization compounds studied, but also contain removable large silyl groups. These
compounds are therefore promising candidates for ionization and functionalization at the
propargyl site as well as further reaction or removal of the silyl groups.
This short study provides evidence that the ionization of several propargyl bromides
should be possible and therefore their functionalization by nucleophiles is also likely
attainable. This is a possible future extension of the work reported hereafter, and would
give a so called “catalytic Nicholas reaction” where complexation by cobalt would not be
necessary. This is especially promising with the more stabilized cations of compounds 7781 and will be discussed further in Section 2.6.

2.2. Synthesis and Reaction of Ethyl 6-bromo-2,4-hexadienoate (82)

Figure 2.6. Compound 82, the first ε-carbonyl cation precursor studied.

2.2.1. Synthesis of ε-Carbonyl Cation 82
The synthesis of compound 82 was rather straight forward (Figure 2.6). Sorbic acid
was converted to an ethyl ester using para-toluenesulfonic acid and ethanol by the Fischer
esterification reaction.76 This step was simple and appeared to be high yielding, although
the product was used without purification so an accurate yield cannot be reported. A radical
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bromination step was then undertaken with N-bromosuccinimide (NBS) using either
azobisisobutyronitrile (AIBN) or benzoyl peroxide as the radical initiator. Benzoyl
peroxide resulted in slightly better overall yields than AIBN (28% and 26% yields,
respectively). A large amount of indistinguishable byproducts and decomposition products
were formed, but the pure compound 82 was obtained after purification by column
chromatography (Scheme 2.1).

Scheme 2.1. Synthesis of ethyl 6-bromo-2,4-hexadienoate (82).

2.2.2. Optimization of Nucleophilic Reactions with ε-Carbonyl Cation 82
Many reactions were conducted with various conditions and Lewis acids to
determine the optimal conditions for catalytic SN1 substitution. Ethyl 6-bromo-2,4hexadienoate (82) was the ε-cation equivalent for these tests, and mesitylene was chosen
as the nucleophile. Several different Lewis acids were studied. The primary test reactions
involved 5 equivalents of mesitylene as the nucleophile, so that polyalkylation would be
negligible, along with 10 mol% Lewis acid in dry dichloromethane solvent with 4Å
molecular sieves (Scheme 2.2, Table 2.3).

32

Scheme 2.2. Generic reaction of 82 with mesitylene, catalyzed by a Lewis acid.

Table 2.3. Results of reactions of 82 and mesitylene catalyzed by various Lewis acids according to
Scheme 2.2.

Lewis acid

Temperature

Time (h)

Yield

10% InCl3

RT

22

43%

10% InCl3

Reflux

20

53%

10% GaCl3

RT

26

68%

10% GaCl3

Reflux

22

63%

10% SnCl4

RT

24

36%

10% SnCl4

Reflux

20

51%

10% BiI3

RT

24

11%

10% CuCl

RT

24

0%

The Lewis acid gallium trichloride (GaCl3) gave the highest yields, with room
temperature reactions resulting in slightly higher yields than those at reflux. It was found
that when the reaction was heated to reflux, a small amount of polar decomposition/
byproduct was formed but all starting material was consumed. On the other hand, when the
reaction was undertaken at room temperature with 10 mol% GaCl3 or InCl3, some starting
material remained unreacted after the 24 hours. As well, small amounts (<7%) of byproduct
84 were evident in almost all reactions with mesitylene at both room temperature and
reflux. This byproduct was difficult to separate because of similar polarity to 83 and was
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thought to be likely the product containing a cis double bond adjacent to the mesitylene
(Figure 2.7). The resonances in the 1H NMR spectrum at 3.64 ppm (d) and 7.82 ppm (dd,
J = 15.2 Hz, 11.7 Hz) suggest 84 as this byproduct (Figure 2.8).

Figure 2.7. The byproduct 84 made when 82 reacts with mesitylene according to Scheme 2.2.

Figure 2.8. 1H NMR spectrum of product 82 including the small resonance signal from byproduct
84 at 3.64 ppm.

For mesitylene as the nucleophile, 10 mol% GaCl3 at room temperature resulted in
the best yields with less byproduct formation, so these conditions were brought forward.
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GaCl3 was also tested at different catalytic loadings to see if the reaction could give good
yields with even lower amounts of Lewis acid. At room temperature with 5 mol% GaCl3,
the yield decreased to 47% and at 15 mol% GaCl3 the yield was 67%, nearly identical to
the yield with 10 mol%. Therefore, 10 mol% of GaCl3 catalyst was decided to result in the
best combination of low catalytic loading and optimal yield. As well, omitting the 4Å
molecular sieves resulted in a decreased yield (51%, 58% BRSM), so these were deemed
important to include to eliminate any possible water in the reaction that could react with
the Lewis acid. In addition, molecular sieves are very slightly basic, so they may be
reducing decomposition by moderating the acidity of the solution.

2.2.3. Functionalization of 82 with Various Nucleophiles
The next step taken was to apply these reaction conditions to a variety of
nucleophiles to obtain a library of ε-site functionalization products (Scheme 2.3).

Scheme 2.3. Standard reaction for functionalizing the site ε- to the carbonyl in 82.

As mentioned previously, the reaction with mesitylene produced good yields either
at room temperature (68%) or reflux (63%). The reaction of para-xylene with 82 at room
temperature however only yielded 33% (54% BRSM) of the desired product 85, but at
reflux, 65% (Figure 2.9). The subsequent reactions were all completed at reflux since the
reactions at room temperature proceeded too slowly to be effective, as after 24 h substantial
amounts of 82 remained. When using 1,3,5-trimethoxybenzene, 10 mol% GaCl3 resulted
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in 28% of product 86 but 20 mol% gave the yield of 51%. This higher catalytic yield may
be necessary to overcome some of the Lewis acid-base interaction that is possible with the
three Lewis basic methoxy groups present. 1,3-Dimethoxybenzene gave better results
when using 10 mol% catalyst, with 56% of product 87 found.

Figure 2.9. Products of reacting 82 and mesitylene, para-xylene, 1,3,5-trimethoxybenzene and 1,3dimethoxybenzene according to Scheme 2.3.

Thiophene was also used as a nucleophile and the reaction worked well with a 63%
yield, however the product was an inseparable mixture of the C2 and C3 reaction products
88a and 88b (Figure 2.10). These products were found in a ratio of 72:28 88a:88b by
integrating the resonance peaks in the 1H NMR spectrum resulting from the hydrogen
atoms bonded to the sp3 carbon adjacent to the thiophene group. This is problematic for
applications of the thiophene products as the polarities of the two compounds are basically
identical, so chromatography methods cannot be readily used to separate them. Similarly,
when 1-methylnaphthalene was reacted under the given conditions, the product was found
in good yield (62%), but it is difficult to know exactly which constitutional isomer is the
main product, as the 1-methylnaphthalene contains several possible nucleophilic sites. It is
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believed that the main product is 89, as the C4 nucleophile position is most activated for
nucleophilic attack. However, there are also minor impurities present from nucleophilic
attack from other sites on 1-methylnaphthalene, resulting in a complicated 1H NMR
spectrum. Chromatography methods did not allow for separation of products, thus making
definitive identification of the main product difficult. These alkylation reactions work best
when only 1 nucleophilic site is activated. However, the products can be useful if polarity
differences are large enough to allow chromatographic separations, or boiling point
differences permit a separation by distillation.

Figure 2.10. The mixed products of reacting 82 with thiophene and 1-methylnaphthalene to form
88a/b and 89 according to Scheme 2.3.

Benzene as a nucleophile was also attempted and the desired product 90 was found
in fair yield, however an inseparable (by chromatographic methods) byproduct was also
present in approximately 25% (Figure 2.11). At this time it was not possible to separate or
characterize the byproduct.

37

Figure 2.11. Dominant reaction product formed when reacting 82 with benzene according to
Scheme 2.3.

While good success was found with the above nucleophiles, several other
nucleophiles were attempted with little to none of the desired product formed by
nucleophilic attack at the ε-carbonyl site. It was found that nucleophiles containing Lewis
basic components tended to not work very well (Figure 2.12) and this was attributed to be
perhaps due to an acid-base reaction occurring between the nucleophile and Lewis acid,
instead of the desired reaction. There was not an issue with using 1,3-dimethoxybenzene
and 1,3,5-dimethoxybenzene as nucleophiles for this reaction though, possibly because
these aromatic rings are more activated than the similar anisole. Furan is also known to
decompose in the presence of Lewis acid, so it is not surprising that furan acting as a
nucleophile did not give any measurable amount of the desired product.

Figure 2.12. Nucleophiles containing Lewis basic groups that resulted in low or zero yields of the
desired product when reacted with 82 according to Scheme 2.3, and the structure of compound 91.
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As seen above, N-methylpyrrole as the nucleophile in this reaction resulted in 0%
product with 10 mol% GaCl3. However, with 10 mol% InCl3 as the catalyst a 14% yield
was found, although it was a mixture of C2 and C3 product, similar to the thiophenes results
above. With 1 equivalent of InCl3, yields of 15% 92a and 12% 92b were found, with 92a
being the C2 reaction product and 92b being the C3 reaction product (Scheme 2.4). These
compounds were able to be separated, purified and characterized, but further optimization
will be necessary to render this reaction catalytic and useful.

Scheme 2.4. Reaction of 82 with N-methylpyrrole catalyzed by 1 equivalent of InCl3.

While the yields of products 92a and 92b were too low to be very useful, it is
interesting to note that InCl3 as the Lewis acid catalyst gave better conversion than GaCl3.
The difference in product yields between GaCl3 and InCl3 hints to the possibility that Lewis
acidity may play a role. N-methylpyrrole is fairly basic— about as basic as aniline77— so
it may be undergoing an acid-base interaction with the Lewis acid, rendering the catalyst
incapable of facilitating the desired nucleophilic attack. The Lewis acidities of the
trihalides of Group 13 elements reflect the relative hardness of the Group 13 elements
themselves (Figure 2.13)78. InCl3 is slightly softer than GaCl3 so it is hypothesized that the
softer Lewis acid does not interact with N-methylpyrrole as much, allowing the desired
nucleophilic attack to occur. Perhaps moving to an even softer Lewis acid would give more
desired product and less nucleophile interaction, but this is yet to be attempted.
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Figure 2.13. Lewis acidity of Group 13 trihalides.78

Figure 2.14. Nucleophiles containing trimethylsilyl groups resulting in no desired product when
reacted with 82 according to Scheme 2.3.

Reactions with nucleophiles containing allyltrimethylsilyl (TMS) components also
proved difficult. Both allyl TMS and pinacolone trimethylsilyl enol ether resulted in no
measurable product yield with 10 mol% GaCl3. When using InCl3 instead with allyl TMS
the product 93 was found in 12% yield with 10 mol% InCl3 and 48% yield with 1 equivalent
of InCl3 (Scheme 2.5). While the desired product 93 was successfully synthesized with the
use of InCl3, the reaction still does not proceed catalytically. Our goal is to result in catalytic
functionalization reactions, but this was interesting to note.

Scheme 2.5. Reaction of 82 with allyltrimethylsilane facilitated by 1 equivalent of InCl3 to give
93.

It is thought that the catalytic cycle of the Lewis acid is not turning over properly
when allyl TMS is the nucleophile. As can be seen in Figure 2.14, with mesitylene as the
nucleophile, the catalytic cycle for GaCl3 turns over so the catalyst can facilitate the
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nucleophilic reaction once again. With allyl TMS as the nucleophile the catalyst
regeneration process is quite different, but it is not readily apparent why the catalyst does
not turn over and the reaction halts. Perhaps the trimethylsilyl group that is released
interacts with the catalyst and renders it inoperative.

Figure 2.15. The mechanism of the addition of mesitylene to 82 along with GaCl3 catalyst
regeneration.

Overall, many nucleophiles were reacted with 82, the initial ε-carbonyl cation
equivalent precursor, and nucleophiles without Lewis basic groups resulted in good yields,
while Lewis basic nucleophiles and nucleophiles containing TMS groups posed problems.
Even with these problematic nucleophiles most of the desired products were obtained in
some amount after adjusting the catalyst loading or using the Lewis acid InCl3.

41

2.3. Synthesis and Reaction of Methyl 3-[2(bromomethyl)phenyl]acrylate (95)

Figure 2.16. Compound 95, the second ε-carbonyl cation precursor studied.

2.3.1 Synthesis of ε-Carbonyl Cation 95

Scheme 2.6. Synthesis of methyl 3-[2-(bromomethyl)phenyl]acrylate (95) in two steps.

The compound 95 was synthesized in two steps (Figure 2.15). For the first step,
methods reported by Morken79 were followed which involved a Wittig reaction between otolualdehyde and methyl (triphenylphosphoranylidene)acetate to give 94 (Scheme 2.6). For
the second step, methods were derived from those reported by Snead80 which was very
similar to the radical bromination methods used to form compound 82, but using
chloroform as solvent and slightly more benzoyl peroxide. The first step appeared to work
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near-quantitatively, although 94 was not fully purified and characterized before carrying
on the material and therefore contained impurities. The second step, using the impure 94
worked quite well and a yield of 77% 95 over the two steps was found.

2.3.2. Functionalization of 95 with Various Nucleophiles
The ε-carbonyl cation 95 was subjected to many experiments to functionalize the
site ε- to the ester group using the same conditions as reported on for compound 82
(Scheme 2.7).

Scheme 2.7. Reaction to functionalize the ε-carbonyl cation equivalent site of 95.

The reactions with activated aromatic nucleophiles resulted in good to excellent
yields, as can be seen in Figure 2.16. The aromatic nucleophiles mesitylene, para-xylene,
1,3,5-trimethoxybenzene and 1,3-dimethoxybenzene resulted in products 96-99 with yields
between 73-77%. No major byproducts were observed in these reactions, just a small
amount of polar decomposition was evident on the TLC plates, and all starting material
appeared to be have been consumed. The reaction involving thiophene as a nucleophile
worked very well with a yield of 92%; however, the product was an inseparable mixture
stemming from nucleophile attack from the C2 and C3 carbon atoms on thiophene. Proton
NMR spectroscopy allowed the measuring of this ratio to be 71:29 of the C2:C3 products
(100a:100b) by integration of the resonances resulting from the protons attached to the
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carbon between the phenyl and thiophene groups, at 4.27 ppm (100a) and 4.10 ppm (100b).
This is almost identical to the 72:28 ratio found when reacting 82 with thiophene to give
88a and 88b.

Figure 2.17. Compounds 96-100a/b resulting from reactions of nucleophiles with 95 according to
Scheme 2.7.

The ε-carbonyl cation for this compound is stabilized by the phenyl group at the λsite of 95, which is likely a cause for the higher yields compared to when reacting 82. The
cation can be stabilized by the aromatic phenyl group, as opposed to just the diene in 82.
Resonance structures such as those in Figure 2.17 represent the stabilization of the
carbocation by delocalization through pi bonds. This greater cation stability allows for less
opportunity for destructive decomposition of the cation and therefore more product made.
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Figure 2.18. Resonance structures of carbocations for both compounds 95 and 82.

The Lewis-basic nucleophile N-methylpyrrole again gave suboptimal results
similar to when reacting with compound 82. Under standard conditions with 10 mol%
GaCl3, 17% of product 101a/b was found (Figure 2.18). These compounds were not able
to be separated by chromatography methods. Once again there was almost a 1:1 ratio of
reactivity (44:56) at the C2 and C3 sites of N-methylpyrrole, and the poor yield was likely
due to the Lewis basic and acidic components of the reaction interfering, instead of
allowing the desired nucleophilic reaction only.
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Figure 2.19. Inseparable products 101a and 101b resulting from the reaction of 95 with Nmethylpyrrole according to Scheme 2.7.

In addition, problems with allyl TMS as the nucleophile were encountered as was
observed with compound 82. Under the standard reaction conditions used previously, none
of the desired product was evident when using allyl TMS, so alteration of conditions was
investigated (Scheme 2.8, Table 2.4). The use of chloroform as the solvent at reflux instead
of dichloromethane was tried in hopes that a higher temperature would facilitate the
ionization and nucleophilic attack, but no product was found once again. However, when
a greater amount of Lewis acid (50 mol% GaCl3) was employed, a yield of 46% was
obtained, so clearly the TMS group is again inhibiting the regeneration of the GaCl3
catalyst. When using 10 mol% InCl3 as the Lewis acid, 29% of product 102 was obtained
and with 20 mol%, 64% (78% BRSM) 102 was found. This shows that the catalytic process
is able to turnover with InCl3 better than GaCl3 when using allyl TMS, corresponding to
the results found when reaction of 82 was attempted with a TMS-containing nucleophile.
This difficulty likely extends to any compound containing the TMS group in the
nucleophile, although even with InCl3 the catalytic turnover, and therefore yield, is still not
as efficient as reactions involving different nucleophiles.
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Scheme 2.8. General reaction of 95 with allyl TMS catalyzed by a Lewis acid.

Table 2.4. Results of reacting 95 according to Scheme 2.8.

Lewis Acid

Changes to conditions from

Yield

Scheme 2.8
50 mol% GaCl3

46%

10 mol% InCl3

29%

20 mol% InCl3

64% (78% BRSM)

10 mol% GaCl3

Chloroform solvent at reflux

0%

10 mol% GaCl3

Using methallyl TMS

0%

2.4. Synthesis and Reaction of 6-Bromo-1-phenyl-2,4-hexdienone (104)

Figure 2.20. Compound 104, the third ε-carbonyl cation precursor studied.
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2.4.1. Synthesis of ε-Carbonyl Cation 104
It was next desired to employ a phenyl ketone derived compound to serve as a εcarbonyl cation source (Figure 2.19). A synthesis of compound 103 had been reported
previously by Liu and Tian and the protocol was slightly modified to give the product in
88% yield (Scheme 2.9).81 The next step, bromination of the ε- site, however proved to be
much more challenging.

Scheme 2.9. Synthesis of compound 103.

Initially, the analogous procedure was trialed that was previously utilized for
bromination of 82 with NBS and 10 mol% AIBN in chlorobenzene. Unfortunately, a large
amount of decomposition product was observed with only a 6% yield of the desired product
104. Similar reactions were then attempted: using carbon tetrachloride as the solvent
instead, using a greater amount of AIBN (20 mol%) and using light as the radical initiator
instead of AIBN, but none of these resulted in any measurable amount of 104.
It had been reported previously that cross-metathesis reactions between methyl
sorbate and allyl bromine can be catalyzed by Hoveyda-Grubbs catalyst (HG2, Scheme
2.10).82 This provided a promising possibility for brominating 103 so the procedure from
this paper was adjusted and a yield of 29% 104 was found after purification.
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Scheme 2.10. The cross-metathesis of compound 103 and allyl bromine catalyzed by HG2 to result
in 104.

G2 catalyst was also attempted in the same procedure since this catalyst is much
more economical to use and it was more readily available, however no product was made.
HG2 exhibits superior activity towards electron-deficient olefins than G2,83 which explains
why it is necessary, albeit much less economical, in the synthesis of 104.
Therefore, the product 104 from the cross-metathesis reaction was brought forward
for nucleophilic attack even though there was only enough product to perform a test
reaction.

2.4.2. Functionalization of 104 with a Nucleophile
Using the same reaction conditions that were optimized for similar reactions of 82
and 95, compound 104 was successfully reacted with mesitylene. This gave
functionalization of the ε-site and the product 105 was found in 50% yield (Scheme 2.11).
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This shows that the phenyl ketone substrate 104 can also be used as a substrate for this
chemistry, although the starting material for the reactions itself is difficult to synthesize. If
a more efficient way to synthesize this compound could be found, more nucleophiles could
be tested and the reactions optimized further.

Scheme 2.11. Reaction of compound 104 with mesitylene catalyzed by 10 mol% GaCl3.

2.5. Synthesis and Reaction of 7-Bromo-3,5-Heptadien-2-one (114)

Figure 2.21. Compound 114, the fourth ε-carbonyl cation precursor studied.

2.5.1. Synthesis of ε-Carbonyl Cation 114
Lastly, a methyl ketone containing compound was prepared, in order to provide a
ε-carbonyl cation with a smaller group on the remote side of the ketone, to compare to the
phenyl-substituted compound (104) that was previously discussed (Figure 2.20). The
synthesis of the methyl ketone starting material was trying and inefficient overall as 8 steps
were necessary, but this is the first report of the synthesis of compounds 109-114. The first
two steps, forming compounds 107 and 108 have been reported in literature previously
(Scheme 2.12).84
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Scheme 2.12. Synthesis of compounds 107 and 108.

To form 109, protection of only one side of the dienediol was required. A
methoxymethyl ether was chosen as the protecting group for its robust ability to withstand
various other reactions, but simplicity in protection and deprotection steps of the alcohol.85
The protection step was very inefficient by necessity, as only half an equivalent of
chloromethyl methyl ether could be used in order to avoid double protection of the diol
compound. After purification by column chromatography of the crude mixture, a yield of
39% (51% BRSM) of compound 109 was obtained; 25% of the compound 108 was
recovered to be used again (Scheme 2.13)
Oxidation with PDC is a common method for transforming alcohol to aldehyde
groups86 and it worked quite well for synthesis of 110 from 109, giving 76% yield. Next,
a Grignard reagent, methylmagnesium bromide, was used to alkylate the aldehyde. This
alkylation reaction resulted in an excellent yield (94%) of 111. Afterwards, PDC oxidation
was again employed to give 112 (69%, Scheme 2.13).
Compounds 109 and 111 were fully characterized, but since they are so volatile,
low-resolution EI mass spectrometry gave better results for observing the (M+H)+ signal
than high resolution APCI mass spectrometry. Ionization with several fragments was seen
in both of the low resolution mass spectra, but the molecular ion peak was also present in
a very small amount. High resolution mass spectra of 109 and 111 were obtained, but in
both spectra the (M+H)+ signal was very small. However, the (M-H2O+H)+ signals
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resulting from loss of water were present along with signals from additional fragmentation
of the compounds, which assisted in proving that the correct compounds were synthesized.

Scheme 2.13. Synthesis of compounds 109-112.

Next, deprotection of the methoxymethyl ether with the use of a small amount of
hydrochloric acid in methanol was performed to obtain 113, but this was not fully purified
therefore no yield is reported (Scheme 2.14). It is worth noting though that by TLC
analysis, the reaction appeared to go to completion with few impurities. Finally, compound
114 was synthesized by a bromine group replacing the alcohol group from the crude 113.
This was completed with the use of phosphorous tribromide, as previous reactions with the
phenyl ketone compound 104 and a radical bromination method resulted in low yields and
high decomposition. However, this reaction too had a very low yield, which we attribute
to an oligomeric/ polymeric byproduct being formed. A gooey black material was made
which was not soluble in any organic solvents. A small amount of yellow oil did dissolve
in organic solvents though and was purified by column chromatography to give the product
114 (Scheme 2.14). The oligomeric/ polymeric substance was not purified further at this
time so it is unknown exactly what occurred.
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Scheme 2.14. Synthesis of compounds 113 and 114.

2.5.2 Functionalization of 114 with a Nucleophile
One reaction of nucleophile with 114 was performed because after the 8 step
synthesis, there was only a small amount of product available for functionalization
reactions. The same conditions and catalyst were utilized as previously optimized and used
with 82, 95 and 104. Further optimization and nucleophiles could be tested in the future if
desired. Reaction with 1,3,5-trimethoxybenzene as the nucleophile gave 56% of 115, so it
is evident that functionalization of the ε-site of 114 can be accomplished reasonably well
(Scheme 2.15).

Scheme 2.15. Reaction of 114 with 1,3,5-trimethoxybenzene to give 115.

2.6 Conclusions and Future Outlook
In conclusion, four different ε-carbonyl cation compounds— two ketones and two
esters— were synthesized and their reactions with nucleophiles were studied (Figure 2.21).
Computational studies have demonstrated that the ionizations of these compounds should
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be relatively facile, which was shown as the compounds were all able to be functionalized
successfully.

Figure 2.22. The four ε-carbonyl cation compounds studied.

The syntheses of the ester compounds 82 and 95 were much more efficient than
those of ketones 104 and 114. For the phenyl ketone 104, using the Hoveyda-Grubbs
catalyst for cross metathesis works to result in the brominated starting material, however
this catalyst is very expensive. For the methyl ketone, the step synthesis outlined in Section
2.5.1 is quite reliable and gives good yields for the first 6 steps (not including the formation
of 109 because of the necessity to only protect one alcohol). However, the final two steps
to synthesize 113 and 114 gave a mixture of products, which resulted in low yields.
Therefore, it is desired to find more efficient means to deprotect the alcohol group and
brominate the compound. Another possibility would be to simply deprotect the alcohol to
give 113 (as this step appeared to give near quantitative product but was not fully purified
and yielded) and use the alcohol for subsequent transformations. The alcohol compound,
113, or similar compounds, could potentially be reacted with silyl compounds using the
combination of InCl3 and Me3SiBr as catalyst, as this has resulted in similar
transformations as outlined by Baba.87 If this were to be successful, it could also be a
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solution to the problem where trimethylsilyl-based nucleophiles gave poor catalyst
turnover and therefore poor yields.
Compounds 82 and 95 were both reacted with a library of nucleophiles and
aromatic nucleophiles gave fair to excellent yields. A common theme was observed though,
that Lewis basic nucleophiles gave poor yields with GaCl3, while using the slightly softer
Lewis acid InCl3 resulted in somewhat better yields. It is hypothesized that perhaps other
soft Lewis acids such as ThCl, ThCl3, GaI3, or AuCl3 could also work well, so testing these
is a possibility for future expansion on this work. As well, InCl3 gave better results when
using nucleophiles containing TMS groups, likely because the catalytic cycle is able to
turnover better than with GaCl3 (Figure 2.14).
Because of the low-yielding syntheses of 104 and 114, it was not possible to react
a library of nucleophiles with these compounds, as was done with the esters 82 and 95,
since it was trying, expensive and lengthy to obtain enough compound for even one
reaction. However, each compound was successfully reacted with a common nucleophile
under the standard conditions to result in fair yields, so it is evident that these compounds
are able to be functionalized by the conditions outlined here.
These methods would be great candidates for synthesizing some of the natural
products containing the diene-carbonyl equivalent moiety, such as those shown in Section
1.5. Many of these natural products contain amide groups instead of esters or carbonyls
though, so after functionalizing the ε-site the carbonyl group could be transformed to an
amide. There is a long list of techniques that can convert esters to amides,88 although
conjugate addition to these diene substrates may be a competing and problematic side
reaction.
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As well, the methods described in this report for functionalizing dienyl bromide
compounds could potentially be applied to the functionalization of propargyl compounds,
as studied in Section 2.1.2. It was demonstrated that the ionization of several substituted
propargyl bromides was either as energetically favourable or better than allyl bromide,
which is readily ionized by InCl3. The successful nucleophilic functionalization of these
cations by use of catalytic Lewis acids would be similar to the Nicholas reaction, although
without requiring complexation of the alkyne; it is therefore a promising possible extension
of this work.
Overall, the synthesis, ionization and ε-carbonyl site functionalization of four
compounds was accomplished. These syntheses are noteworthy because they involved
development of methods for generating and reacting ε-carbonyl cation equivalents by
catalytic methods, which has not been previously accomplished, and in the future these
methods could be utilized for synthesis of natural products of interest.
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CHAPTER 3:
EXPERIMENTAL

The vast majority of starting materials and reagents involved in the reactions were
purchased from Sigma-Aldrich, with the few exceptions noted. All purchased starting
materials were used without further purifications. GaCl3 and InCl3 were stored under inert
atmosphere prior to use. Purification of synthesized products was conducted by either
column chromatography (using SilaFlash® P60, 230-400 mesh), preparative TLC
(SiliaPlate, 1000 μm thickness) or radial chromatography (Silica gel, 2000 μm thickness).
Analytical thin layer chromatography (TLC) was performed using Silicycle aluminumbacked sheets. Dichloromethane and tetrahydrofuran solvents were obtained from a solvent
purification system made by Innovative Technologies and was used without further drying.
All of the reactions were performed under an atmosphere of nitrogen unless otherwise
stated. Prior to reaction, all glassware was dried in an oven at 110°C for a minimum of one
hour and subsequently cooled in a desiccator. Reactions conducted at 0°C were carried out
in an ice bath and reactions at higher than 25°C were conducted in a heated oil bath.
All of the NMR spectral analysis was conducted on a 300 mHz Bruker Avance
spectrometer at room temperature in solutions of CDCl3. The residual CHCl3 peak was set
to 7.27 ppm and 77.0 ppm for 1H NMR and

13

C NMR spectra, respectively. 1H NMR

spectral data is listed with units of ppm for peak position (δ) and Hz for coupling constant
(J). The following symbols were used for peak appearance: s- singlet, d- doublet, t- triplet,
dd- doublet of doublets, dt- doublet of triplets, q- quartet, m- multiplet. The IR analysis
was conducted on a Bruker Alpha Platinum ATR infrared (IR) spectrometer. For IR spectra
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listed in the characterization of compounds, the absorption peaks with the greatest
functional group relevance are reported in wavenumbers (cm-1). High resolution mass
spectrometry results were obtained by direct insertion probe on a Waters Xevo G2-XS
Time-of-Flight Mass Spectrometer in ASAP(+) mode, by Dr. Janeen Auld while low
resolution mass spectrometry results were obtained on a Varian 1200L Single Quadrupole
mass spectrometer by direct insertion probe in EI mode.
The computational calculations were conducted with Gaussview 5.0.9 and B3LYP/
6-311++G(d,p) to optimize the structures studied, both with and without solvation in
dichloromethane.

Ethyl 6-bromo-2,4-hexadienoate (82)

To a solution of sorbic acid (2,4-hexadienoic acid, 2.9774 g, 26.66 mmol) in ethanol
(30 mL) was added para-toluenesulfonic acid (0.9374 g, 5.44 mmol, 20 mol%). A
condenser was added and the reaction was heated to reflux for 24 h. Afterwards, the ethanol
was removed under reduced pressure. Next, to the crude product was added chlorobenzene
(25 mL) dried by 4Å molecular sieves and N-bromosuccinimide (4.7474 g, 26.67 mmol,
purchased from Lancaster). The reaction vessel was heated to 100°C in an oil bath with a
condenser attachment, and benzoyl peroxide (0.3219 g, 1.329 mmol, 5 mol%) was added
slowly. The reaction mixture was heated under reflux for 1.5 h and then was cooled and
the volatiles removed under reduced pressure. Diethyl ether (10 mL) was then added and
the solids were filtered off and rinsed. The resulting solution was separated with 5% w/w
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NaOH (aq) until the washings were no longer coloured. The solution was dried over
magnesium sulfate, the volatiles evaporated under reduced pressure, and the residue
purified by chromatography (10:1 PE:Et2O). The final product was found as a yellow oil
(1.641 g, 28%).
This synthesis was also carried out using the same procedure with 5 mol%
azobisisobutonitrile (AIBN, purchased from Alfa-Aesar) instead of benzoyl peroxide as
the radical initiator and a yield of 26% of 82 was obtained. NMR spectra obtained were
identical to those in literature.89
IR (neat) λmax 2980, 2937, 2903, 2872, 1707, 1247, 1145, 996, 595 cm-1; 1H NMR (300
MHz, CDCl3) δ 7.21 (dd, J = 15.3 Hz, 10.8 Hz, 1H), 6.35 (m, 1H), 6.20 (m, 1H), 5.89 (d,
J = 15.6 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 4.00 (d, J = 7.5 Hz, 2H), 1.25 (t, J = 7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3) δ 166.1, 142.3, 136.4, 131.6, 123.0, 60.2, 31.1, 14.0.

Ethyl 6-(2,4,6-trimethylphenyl)-2,4-hexadienoate (83)

To a suspension of GaCl3 (0.009 g, 0.05 mmol, 10 mol%) and 4Å molecular sieves
(ca. 0.4 g) in CH2Cl2 (6 mL) were added mesitylene (0.37 mL, 2.67 mmol, 5 equiv.) and
previously synthesized and purified 82 (0.1161 g, 0.5299 mmol) at room temperature. The
reaction was stirred under N2 and monitored by TLC for 26 h. Following removal of
volatiles under reduced pressure and chromatography (10:1 PE:Et2O), a yellow oil was
produced (0.0902 g, 68%). This compound was also made by methods outlined below in
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General Procedure 1 where the reaction was brought to reflux for 22 h after the reagents
were added. This afforded the product 83 in 63% yield.
IR (neat) λmax 2975, 2919, 2861, 1709, 1638, 1130 cm-1; 1H NMR (300 MHz, CDCl3) δ
7.29 (dd, J = 15.6 Hz, 11.4 Hz, 1H), 6.90 (s, 2H), 6.22 (dt, J = 15.0 Hz, 5.7 Hz, 1H), 6.01
(dd, J = 15.3 Hz, 11.1 Hz, 1H), 5.76 (d, J = 15.6 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.51 (d,
J = 5.4 Hz, 2H), 2.31 (s, 3H), 2.27 (s, 6H), 1.30 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3) δ 167.3, 144.8, 141.3, 136.6, 136.0, 132.1, 129.1, 128.4, 119.9, 60.3, 32.8, 21.0,
20.0, 14.5; HRMS m/e for C17H22O2 calculated (M+1)+ 259.1698, found 259.1691.

Ethyl 6-(2,5-dimethylphenyl)-2,4-hexadienoate (85)

General Procedure 1. To a suspension of GaCl3 (0.004 g, 0.02 mmol, 10 mol%)
and 4Å molecular sieves (ca. 0.4 g) in CH2Cl2 (6 mL) were added para-xylene (0.14 mL,
1.1 mmol, 5 equiv.) and previously synthesized and purified 82 (0.048 g, 0.22 mmol) at
room temperature. The mixture was heated to reflux, stirred under N2 and monitored by
TLC for 23 h. Following removal of volatiles under reduced pressure and chromatography
(5:1 PE:Et2O), a yellow oil was produced (0.0349 g, 65%). This compound was also made
where the reaction was stirred at room temperature for 23 h, and the yield of product 85
was 34%.
IR (neat) λmax 2979, 2925, 1710, 1640, 1131, 1000, 810 cm-1; 1H NMR (300 MHz, CDCl3)
δ 7.29 (dd, J = 15.3 Hz, 10.5 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 6.96 (m, 2H), 6.26 (dt, J =
15.3 Hz, 6.0 Hz, 1H), 6.12 (dd, J = 15.9 Hz, 10.5 Hz, 1H), 5.80 (d, J = 15.0 Hz, 1H), 4.20
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(q, J = 7.2 Hz, 2H), 3.46 (d, J = 6.3 Hz, 2H), 2.31 (s, 3H), 2.24 (s, 3H), 1.29 (t, J = 6.9 Hz,
3H); 13C NMR (75 MHz, CDCl3) δ 167.0, 144.4, 141.6, 136.5, 135.4, 132.9, 130.0, 129.8,
128.9, 127.1, 119.7, 60.0, 36.6, 20.7, 18.7, 14.1; HRMS m/e for C16H20O2 calculated
(M+1)+ 245.1550, found 245.1539.

Ethyl 6-(2,4,6-trimethoxyphenyl)-2,4-hexadienoate (86)

General Procedure 1 was carried out with GaCl3 (0.010 g, 0.057 mmol, 20 mol%),
1,3,5-trimethoxybenzene (0.2521 g, 1.499 mmol, 5 equiv.) and 82 (0.0629 g, 0.287 mmol).
The reaction was monitored by TLC for 24 h under reflux and N2, and after purification by
chromatography (3:1 PE:Et2O), a beige solid was produced (0.0446 g, 51%).
IR (neat) λmax 2941, 2837, 1697, 1595, 1149 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.25 (dd,
J = 15.3 Hz, 11.0 Hz, 1H), 6.17 (m, 4H), 5.74 (d, J = 15.3 Hz, 1H), 4.18 (q, J = 7.2 Hz,
2H), 3.82 (s, 3H), 3.80 (s, 6H), 3.43 (d, J = 6.0 Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3) δ 159.8, 158.6, 145.5, 143.2, 127.6, 118.7, 107.5, 92.8, 90.5, 59.9, 55.7,
55.2, 26.1, 14.2; HRMS m/e for C17H22O5 calculated (M+1)+ 307.1545, found 307.1539;
MP 69.1-70.5 °C.
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Ethyl 6-(2,4-dimethoxyphenyl)-2,4-hexadienoate (87)

General Procedure 1 was carried out with GaCl3 (0.005 g, 0.030 mmol, 10 mol%),
1,3-dimethoxybenzene (0.20 mL, 1.5 mmol, 5 equiv.) and 82 (0.0653 g, 0.298 mmol). The
reaction was monitored by TLC for 23 h under reflux and N2, and after purification by
chromatography (3:1 PE:Et2O), a yellow oil was produced (0.046 g, 56%).
IR (neat) λmax 2935, 2837, 1708, 1207, 1155, 1132, 1035 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.28 (dd, J = 10.8 Hz, 5.1 Hz, 1H), 7.00 (d, J = 7.5 Hz, 1H), 6.50 (m, 2H), 6.21
(m, 2H), 5.78 (d, J = 15.3 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 3.80 (s, 6H), 3.42 (d, J = 6.6
Hz, 2H), 1.29 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 167.1, 159.5, 157.9, 144.8,
142.6, 129.9, 128.4, 119.3, 103.8, 98.4, 59.9, 55.2, 32.8, 14.1; HRMS m/e for C16H20O4
calculated (M+1)+ 277.1440, found 277.1440.

Ethyl 6-(2-thiophene)-2,4-hexadienoate (88a)/ Ethyl 6-(3-thiophene)-2,4hexadienoate (88b)

General Procedure 1 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
thiophene (0.17 mL, 2.1 mmol, 10 equiv.) and 82 (0.0476 g, 0.217 mmol). The reaction
was monitored by TLC for 23 h under reflux and N2, and after purification by
chromatography (4:1 PE:Et2O), a yellow oil was produced (0.0306 g, 63%). The product
62

appears to contain 72:28 88a:88b based on 1H NMR spectral integration of the resonances
at 3.70 ppm (88a), and 3.52 ppm (88b) corresponding to the hydrogen atoms bonded to the
sp3 carbon adjacent to the thiophene, but these two compounds were not able to be
separated.
IR (neat) λmax 2980, 2934, 1707, 1253, 1131 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.30 (m,
1H), 7.18 (d, J = 5.1 Hz, 1H), 6.95 (m, 1H), 6.83 (d, J = 2.4 Hz, 1H), 6.25 (m, 2H), 5.84
(d, J = 15.0 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.73 (d, J = 5.7 Hz, 2H), 1.30 (t, J = 7.5 Hz,
3H); Most resonances from minor product 88b were superimposed on 88a resonances, but
the following resonances from 88b were clearly visible: δ 5.83 (d, J = 15.3 Hz, 1H), 3.52
(d, J = 5.4 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 167.1, 144.1, 140.8, 129.8, 127.1, 125.2,
124.2, 120.9, 60.4, 33.3, 29.4, 14.4; Some resonances from minor product 88b were
superimposed on 88a resonances, but the following resonances from 88b were clearly
visible: δ 144.5, 141.5, 141.4, 129.4, 128.3, 125.9, 121.4, 120.4, 33.8; HRMS m/e for
C12H14O2S calculated (M+1)+ 223.0793, found 223.0797.

Ethyl 6-(4-methylnaphthalene)-2,4-hexadienoate (89)

General Procedure 1 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
1-methylnaphthalene (0.17 mL, 1.2 mmol, 5 equiv.) and 82 (0.0525 g, 0.240 mmol). The
reaction was monitored by TLC for 23 h under reflux and N2, and after purification by
chromatography (5:1 PE:Et2O), a yellow oil was produced (0.0417 g, 62%). The product
63

is an inseparable mixture of nucleophilic attack from various sites of the 1methylnaphthalene, however 89 (attack from C4 of 1-methylnaphthalene) is thought to be
the main product.
1H

NMR (300 MHz, CDCl3) δ 8.05 (m, 1H), 7.97 (m, 1H), 7.81 (m, 1H), 7.69 (m, 1H),

7.51 (m, 2H), 7.30 (m, 1H), 6.31 (m, 2H), 5.79 (d, J = 15.0 Hz, 1H), 4.22 (m, 2H), 3.72 (d,
J = 4.8 Hz, 2H), 2.72 (s, 3H), 1.32 (m, 3H); there are also resonances visible from
byproducts and although most are superimposed over signals from 89, the following are
clearly visible: 3.92 (m), 2.61 (s).

Ethyl 6-phenyl-2,4-hexadienoate (90)

General Procedure 1 was carried out with GaCl3 (0.005 g, 0.03 mmol, 10 mol%),
benzene (4 mL, xs) and 82 (0.0595 g, 0.272 mmol). The reaction was monitored by TLC
for 19 h under reflux and N2, and after purification by chromatography (5:1 PE:Et2O), a
yellow oil was produced (approximately 0.02115 g, 36%, 54% BRSM). Some 82 was
recovered (0.0195 g) and the product contained a byproduct (around 25% by mass) that
was not able to be identified or separated, which is why the yield is an approximation.
IR (neat) λmax 3027, 2925, 2869, 1709, 1243, 1130, 1032, 698 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.27 (m, 6H), 6.25 (m, 2H), 5.83 (d, J = 15.6 Hz, 1H), 4.23 (q, J = 7.2 Hz, 2H),
3.51 (d, J = 5.7 Hz, 2H), 1.30 (t, J = 7.2 Hz, 3H);

13C

NMR (75 MHz, CDCl3) δ 167.1,

144.4, 142.1, 138.8, 129.3, 128.8, 128.6, 126.4, 120.2, 60.2, 39.2, 14.2; HRMS m/e for
C14H16O2 calculated (M+1)+ 217.1228, found 217.1238.
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Ethyl 6-(4-methoxyphenyl)-2,4-hexadienoate (91)

General Procedure 1 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
anisole (0.13 mL, 1.2 mmol, 5 equiv.) and 82 (0.0536 g, 0.245 mmol). The reaction was
monitored by TLC for 24 h under reflux and N2, and after purification by chromatography
(5:1 PE:Et2O), a yellow oil was produced (0.0077 g, 13%).
This compound was also synthesized using 4-methoxyphenylboronic acid as the
nucleophile with the same procedure to yield the product 91 (11%).
IR (neat) λmax 2931, 2837, 1708, 1510, 1243 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.29 (dd,
J = 14.7 Hz, 9.9 Hz, 1H), 7.10 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.22 (m, 2H),
5.82 (d, J = 15.6 Hz, 1H), 4.20 (q, J = 6.9 Hz, 2H), 3.81 (s, 3H), 3.45 (d, J = 6 Hz, 2H),
1.30 (t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 167.2, 158.2, 144.6, 142.7, 130.8,
129.6, 128.9, 120.0, 113.9, 60.3, 55.3, 38.4, 14.2; HRMS m/e for C15H18O3 calculated
(M+1)+ 247.1334, found 247.1336.

Ethyl 6-(2-N-methylpyrrole)-2,4-hexadienoate (92a)

To a suspension of InCl3 (0.057 g, 0.25 mmol, 1 equiv.) and 4Å molecular sieves
(ca. 0.4 g) in CH2Cl2 (6 mL) were added N-methylpyrrole (0.11 mL, 1.2 mmol, 5 equiv.)
and previously synthesized and purified 82 (0.0562 g, 0.257 mmol) at room temperature.
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The mixture was heated to reflux, stirred under N2 and monitored by TLC for 20 h.
Following removal of volatiles under reduced pressure and chromatography (3:1 PE:Et2O),
a beige oil 92a was produced (0.0087 g, 15%) along with compound 92b shown below.
IR (neat) λmax 2926, 1708, 1130, 1000 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.30 (dd, J =
15.6 Hz, 9.3 Hz, 1H), 6.59 (d, J = 1.2 Hz, 1H), 6.21 (m, 2H), 6.08 (m, 1H), 5.92 (d, J = 3.0
Hz, 1H), 5.81 (d, J = 15.9 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.51 (s, 3H), 3.46 (d, J = 5.4
Hz, 2H), 1.30 (t, J = 7.8 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 167.1, 144.2, 140.3, 129.3,
125.6, 121.9, 120.3, 107.1, 106.7, 60.3, 33.6, 30.3, 14.3; HRMS m/e for C13H17NO2
calculated (M+1)+ 220.1338, found 220.1338.

Ethyl 6-(3-N-methylpyrrole)-2,4-hexadienoate (92b)

As outlined above for compound 92a, the reaction resulted in two products, with
this compound 92b being obtained (0.0065 g, 12%) as a beige oil.
IR (neat) λmax 2931, 1707, 1128, 999 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.30 (dd, J =
15.3 Hz, 10.2 Hz, 1H), 6.55 (d, J = 2.1 Hz, 1H), 6.40 (s, 1H), 6.25 (m, 2H), 5.97 (m, 1H),
5.81 (d, J = 15.0 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.62 (s, 3H), 3.34 (d, J = 6.0 Hz, 2H),
1.30 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 167.3, 145.0, 143.7, 128.1, 121.8,
120.7, 119.5, 119.4, 108.3, 60.1, 36.0, 30.7, 14.3. HRMS m/e for C13H17NO2 calculated
(M+1)+ 220.1338, found 220.1344.

Ethyl 2,4,6-nonatrienoate (93)
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To a suspension of InCl3 (0.050 g, 0.23 mmol, 1 equiv.) and 4Å molecular sieves
(ca. 0.4 g) in CH2Cl2 (6 mL) were added allyltrimethylsilane (0.18 mL, 1.1 mmol, 5 equiv.)
and previously synthesized and purified 82 (0.0497 g, 0.227 mmol) at room temperature.
The mixture was heated to reflux, stirred under N2 and monitored by TLC for 20 h.
Following the removal of volatiles under reduced pressure and chromatography (5:1
PE:Et2O), a yellow oil was produced (0.0197 g, 48%).
IR (neat) λmax 2980, 2928, 1712, 1253, 1136, 998 cm-1; 1H NMR (300 MHz, CDCl3) δ
7.26 (dd, J = 14.7 Hz, 10.2 Hz, 1H), 6.16 (m, 2H), 5.80 (m, 2H), 5.03 (m, 2H), 4.20 (q, J =
7.2 Hz, 2H), 2.25 (m, 4H), 1.30 (t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 167.2,
144.8, 143.4, 137.4, 128.7, 119.4, 115.2, 60.2, 32.7, 32.2, 14.2; HRMS m/e for C11H16O2
calculated (M+1)+ 181.1228, found 181.1228.

Methyl 3-(2-methylphenyl)acrylate (94)

Conditions reported by Morken79 were used and slightly adapted. To a solution of
ortho-tolualdehyde (0.48 mL, 4.2 mmol) in dichloromethane (10 mL) was added methyl
(triphenylphosphoranylidene)acetate (2.0828 g, 6.23 mmol, 1.5 equiv.). The mixture was
stirred for 29 h at room temperature under N2 and concentrated under reduced pressure.
The residue was ran through a silica plug (5:1 PE:Et2O) to eliminate the very polar
impurities, but some impurities were still present. The ortho-tolualdehyde reagent appeared
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to be completely reacted to give a nearly quantitative yield of product though, so the
mixture was brought forward to the next reaction to form 95 without further purification.
1H

NMR (300 MHz, CDCl3) δ 7.98 (d, J = 15.9 Hz, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.21 (m,

3H), 6.35 (d, J = 15.9 Hz, 1H), 3.80 (s, 3H), 2.43 (s, 3H).

Methyl 3-[2-(bromomethyl)phenyl]acrylate (95)

Bromination was conducted with methods derived from those described by
Snead.80 Impure methyl 3-(2-methylphenyl)acrylate 94 (1.1761 g impure mixture, 4.2
mmol of 94 present if previous reaction occurred quantitatively) and N-bromosuccinimide
(1.6947 g, 9.522 mmol) were heated to reflux in chloroform (35 mL). Once at reflux,
benzoyl peroxide (0.1670 g, 0.6894 mmol) was added. The reaction was stirred at reflux
for 20 h, then cooled, filtered through celite and concentrated under reduced pressure. It
was then purified by chromatography (10:1 PE:Et2O) and 0.8078 g (77% over 2 steps) of
light yellow solid product 95 was obtained.
IR (neat) λmax 3030, 2950, 1700, 1431, 1078, 599 cm-1; 1H NMR (300 MHz, CDCl3) δ
8.03 (d, J = 15.9 Hz, 1H), 7.53 (m, 1H), 7.30 (m, 3H), 6.40 (d, J = 15.9 Hz, 1H), 4.54 (s,
2H), 3.78 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 166.7, 140.5, 136.4, 133.4, 130.5, 130.1,
129.1, 127.0, 120.4, 51.6, 30.4; HRMS m/e for C11H11BrO2 calculated (M+1)+ 255.0021,
found 255.0019; MP 84.5-85.4 °C.
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Methyl 3-[2-(2,4,6-trimethylbenzyl)phenyl]acrylate (96)

General Procedure 2. To a suspension of GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
and 4Å molecular sieves (ca. 0.4 g) in CH2Cl2 (6 mL) were added mesitylene (0.15 mL, 5
equiv.) and previously synthesized and purified 95 (0.0532 g, 0.210 mmol) at room
temperature. The reaction was heated to reflux, stirred under N2 and monitored by TLC for
24 h. Following removal of volatiles under reduced pressure and chromatography (5:1
PE:Et2O), a beige solid was obtained (0.0449 g, 73%).
IR (neat) λmax 3056, 2969, 2948, 2915, 1713, 1164, 982, 760 cm-1; 1H NMR (300 MHz,
CDCl3) δ 8.24 (d, J = 15.6 Hz, 1H), 7.59 (dd, J = 6.9 Hz, 2.1 Hz, 1H), 7.19 (m, 2H), 6.93
(s, 2H), 6.60 (d, J = 7.8 Hz, 1H), 6.44 (d, J = 15.9 Hz, 1H), 4.10 (s, 2H), 3.86 (s, 3H), 2.32
(s, 3H), 2.15 (s, 6H);

13C

NMR (75 MHz, CDCl3) δ 167.4, 142.1, 139.0, 137.1, 135.9,

133.3, 132.6, 130.2, 128.9, 127.2, 126.5, 126.2, 119.5, 51.7, 31.8, 20.9, 19.8; HRMS m/e
for C20H23O2 calculated (M+1)+ 295.1698, found 295.1699; MP 81.6-83.1 °C.
Methyl 3-[2-(2,5-dimethylbenzyl)phenyl]acrylate (97)
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General procedure 2 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
para-xylene (0.13 mL, 5 equiv.) and 95 (0.0540 g, 0.213 mmol). The reaction was
monitored by TLC for 21 h under reflux and N2, and after evaporation under reduced
pressure and purification by chromatography (5:1 PE:Et2O), a light yellow solid product
was obtained (0.0452 g, 76%).
IR (neat) λmax 3015, 2949, 2923, 2892, 1714, 1172, 1015, 977, 765 cm-1; 1H NMR (300
MHz, CDCl3) δ 8.03 (d, J = 15.9 Hz, 1H), 7.63 (dd, J = 7.5 Hz, 1.5 Hz, 1H), 7.30 (m, 2H),
7.12, (d, J = 7.8 Hz, 1H), 7.00 (m, 2H), 6.77 (s, 1H), 6.41 (d, J = 15.9 Hz, 1H), 4.09 (s,
2H), 3.84 (s, 3H), 2.28 (s, 3H), 2.26 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 167.3, 142.4,
139.7, 137.7, 135.5, 133.6, 133.3, 130.4, 130.1, 130.1, 129.9, 127.2, 126.6, 126.6, 119.5,
51.6, 36.2, 20.9, 19.1; HRMS m/e for C19H21O2 calculated (M+1)+ 281.1541, found
281.1544; MP 51.2-53.1 °C.

Methyl 3-[2-(2,4,6-trimethoxybenzyl)phenyl]acrylate (98)
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General procedure 2 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%),
1,3,5-trimethoxybenzene (0.1907 g, 1.134 mmol, 5 equiv.) and 95 (0.0547 g, 0.215 mmol).
The reaction was monitored by TLC for 22 h under reflux and N2, and after evaporation
under reduced pressure and purification by chromatography (5:1 PE:Et2O), a light yellow
solid product was obtained (0.0552 g, 75%).
IR (neat) λmax 2949, 2839, 1702, 1118, 949, 764 cm-1; 1H NMR (300 MHz, CDCl3) δ 8.42
(d, J = 15.9 Hz, 1H), 7.52 (dd, J = 7.5 Hz, 1.2 Hz, 1H), 7.14 (m, 3H), 7.36 (d, J = 15.9 Hz,
1H), 6.16 (s, 2H), 4.05 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 3.77 (s, 6H); 13C NMR (75 MHz,
CDCl3) δ 167.8, 160.0, 158.9, 143.8, 141.5, 133.2, 129.7, 129.3, 126.2, 125.7, 118.4, 109.1.
90.4, 55.6, 55.3, 51.7, 25.5; HRMS m/e for C20H23O5 calculated (M+1)+ 343.1545, found
343.1547; MP 83.8-85.1 °C.

Methyl 3-[2-(2,4-dimethoxybenzyl)phenyl]acrylate (99)
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General procedure 2 was carried out with GaCl3 (0.003 g, 0.02 mmol, 10 mol%),
1,3-dimethoxybenzene (0.11 mL, 0.84 mmol, 5 equiv.) and 95 (0.0445 g, 0.175 mmol).
The reaction was monitored by TLC for 22 h under reflux and N2, and after evaporation
under reduced pressure and purification by chromatography (4:1 PE:Et2O), a light yellow
oil was found (0.0423 g, 77%).
IR (neat) λmax 2934, 2878, 2837, 1716, 1241, 1114, 1036 cm-1; 1H NMR (300 MHz,
CDCl3) δ 8.12 (d, J = 15.9 Hz, 1H), 7.59 (dd, J = 7.5 Hz, 1.2 Hz, 1H), 7.28 (m, 2H), 7.18
(dd, J = 6.0 Hz, 1.2 Hz, 1H), 6.82 (d, J = 8.1 Hz, 1H), 6.49 (d, J = 2.4 Hz, 1H), 6.38 (m,
2H), 4.04 (s, 2H), 3.84 (s, 3H), 3.81 (s, 3H), 3.80 (s, 3H); 13C NMR (75 MHz, CDCl3) δ
167.4, 159.4, 157.9, 142.9, 140.7, 133.5, 130.5, 130.3, 129.9, 126.5, 126.4, 121.0, 118.9,
104.0, 98.4, 55.3, 51.5, 32.0; HRMS m/e for C19H20O4 calculated (M+1)+ 313.1440, found
313.1441.
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Methyl 3-[2-(2-methylthiophene)phenyl]acrylate (100a)/ Methyl 3-[2-(3methylthiophene)phenyl]acrylate (100b)

General procedure 2 was carried out with GaCl3 (0.003 g, 0.02 mmol, 10 mol%),
thiophene (0.075 mL, 0.94 mmol, 5 equiv.) and 95 (0.0465 g, 0.183 mmol). The reaction
was monitored by TLC for 20 h under reflux and N2, and after purification by
chromatography (5:1 PE:Et2O), a light yellow oil was found (0.0437 g, 92% combined).
Based on 1H NMR integration of the hydrogen atoms bonded to the sp3 carbon adjacent to
the thiophene group (4.27 ppm for 100a and 4.10 ppm for 100b), the product is an
inseparable mixture of 100a:100b in a ratio of 71:29.
IR (neat) λmax 2949, 1711, 1170, 977, 763, 731, 698 cm-1; 1H NMR (300 MHz, CDCl3) δ
8.02 (d, J = 15.6 Hz, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.28 (m, 3H), 7.12 (d, J = 5.1 Hz, 1H),
6.88 (m, 1H), 6.72 (d, J = 3.0 Hz, 1H), 6.34 (d, J = 15.9 Hz, 1H), 4.27 (s, 2H) 3.78 (s, 3H);
most resonances from minor product 100b were superimposed on those from 100a but the
following resonances from 100b were clearly observed: δ 6.83 (s, 1H), 4.10 (s, 2H); 13C
NMR (75 MHz, CDCl3) δ 167.1, 143.0, 141.9, 139.5, 133.1, 130.3, 130.2, 127.2, 126.8,
126.7, 125.1, 124.0, 119.6, 51.6, 33.3; some resonances from minor product 100b were
superimposed on those from 100a but the following resonances from 100b were clearly
observed: δ 142.2, 139.8, 133.2, 130.4, 130.1, 128.0, 126.9, 126.6, 125.7, 125.2, 121.4,
119.3, 33.8; HRMS m/e for C15H14O2S calculated (M+1)+ 259.0793, found 259.0801.
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Methyl 3-[2-(2-methyl(N-methylpyrrole))phenyl]acrylate (101a)/ Methyl 3-[2-(3methyl(N-methylpyrrole))phenyl]acrylate (101b)

General procedure 2 was carried out with GaCl3 (0.004 g, 0.02 mmol, 10 mol%) Nmethylpyrrole (0.09 mL, 1 mmol, 5 equiv.) and 95 (0.0543 g, 0.214 mmol). The reaction
was monitored by TLC under reflux and N2 and after 21 h the reaction mixture was
evaporated under reduced pressure and purified by chromatography (5:1 PE:Et2O); a beige
oil was obtained (0.0092 g, 17%). The resulting product was an inseparable mixture of
101a:101b found in 44:56 by 1H NMR integration of resonances at 3.93 (101a) and 4.04
(101b) ppm, corresponding to the hydrogen atoms bonded to the sp3 carbon adjacent to the
N-methyl pyrrole group.
IR (neat) λmax 3062, 3020, 2947, 1711, 1168, 762 cm-1; 1H NMR (300 MHz, CDCl3)
Resonances corresponding to 99a (44%): δ 8.04 (d, J = 15.9 Hz, 1H), 7.59 (m, 1H), 7.29
(m, 3H), 6.61 (m, 1H), 6.34 (d, J = 4.2 Hz, 1H), 6.06 (m, 1H), 5.75 (m, 1H), 4.05 (s, 2H),
3.80 (s, 3H), 3.49 (s, 3H); Resonances corresponding to 99b (56%): δ 8.12 (d, J = 15.9 Hz,
1H), 7.59 (m, 1H), 7.29 (m, 3H), 6.50 (m, 1H), 6.39 (d, J = 4.2 Hz, 1H), 6.27 (s, 1H), 5.94
(m, 1H), 3.94 (s, 2H), 3.80 (s, 3H), 3.57 (s, 3H). HRMS m/e for C16H17O2N calculated
(M+1)+ 256.1338, found 256.1338.
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Methyl 3-[2-(3-butene)phenyl]acrylate (102)

To a suspension of InCl3 (0.008 g, 0.04 mmol, 20 mol%) and 4Å molecular sieves
(ca. 0.4 g) in CH2Cl2 (6 mL) were added allyltrimethylsilane (0.15 mL, 0.94 mmol, 5
equiv.) and previously synthesized and purified 95 (0.0455 g, 0.179 mmol) at room
temperature. The reaction was heated to reflux, stirred under N2 and monitored by TLC for
19 h. Following removal of volatiles under reduced pressure and purification by
chromatography (5:1 PE:Et2O), a light beige oil was found (0.0246 g, 64%, 78% BRMS).
Also, 0.0083 g of starting material 95 was recovered which eluted more slowly than 100.
IR (neat) λmax 3066, 2948, 1715, 1169, 979, 763 cm-1; 1H NMR (300 MHz, CDCl3) δ 8.03
(d, J = 15.9 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.27 (m, 3H), 6.38 (d, J = 15.9 Hz, 1H), 5.86
(m, 1H), 5.05 (m, 2H), 3.83 (s, 3H), 2.87 (m, 2H), 2.34 (m, 2H);

13C

NMR (75 MHz,

CDCl3) δ 167.4, 142.3, 141.4, 137.4, 132.9, 130.0, 126.6, 126.5, 119.1, 115.4, 51.7, 35.4,
32.7; HRMS m/e for C14H16O2 calculated (M+1)+ 217.1228, found 217.1230.

1-Phenyl-2,4-hexadienone (103)

This compound was synthesized by following the procedure reported by Liu and
Tian with slight modifications.81 To a solution of crotonaldehyde (0.83 mL, 10 mmol) in
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1-propanol (20 mL) under N2 at room temperature were added triphenylphosphine (6.3453
g, 24 mmol, 2.4 equiv.), 2-bromoacetophenone (2.3929 g, 12 mmol, 1.2 equiv.), and
acrylamide (0.8589 g, 12 mmol, 1.2 equiv.). The reaction mixture was brought to reflux
and stirred for 22 h, until no further transformation was observed by TLC analysis. The
mixture was then cooled to room temperature, diluted with diethyl ether, filtered and
evaporated under reduced pressure. After purification by chromatography (5:1 PE:Et2O),
a yellow solid (1.5092 g, 88%) was obtained.
1H

NMR (300 MHz, CDCl3) δ 7.85 (m, 2H), 7.38 (m, 4H), 6.79 (d, J = 15.0 Hz, 1H), 6.15

(m, 2H), 1.74 (d, J = 6.3 Hz, 3H); MP 45-47 °C (lit81 MP 45-46 °C).

6-Bromo-1-phenyl-2,4-hexadienone (104)

A procedure for synthesis of similar compounds had previously been reported82 so
this procedure was adapted to use on 103. To a solution of the purified 103 (0.2287 g, 1.33
mmol) and allyl bromide (0.56 mL, 6.6 mmol, 5 equiv.) in dichloromethane (40 mL) was
added Hoveyda Grubbs II catalyst (0.021 g, 0.034 mmol, 2.5 mol%). After stirring under
N2 for 24 h, another portion of Hoveyda Grubbs II catalyst (0.021 g, 0.034 mmol, 2.5
mol%) was added. After 48 h total, the solvent was evaporated under reduced pressure and
the product was purified by chromatography (5:1 PE:Et2O) to yield a yellow solid (0.0982
g, 29%).
IR (neat) λmax 3024, 2921, 2856, 1660, 1261, 1003, 693, 590 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.93 (d, J = 8.7 Hz, 2H), 7.48 (m, 4H), 7.02 (d, J = 15.3 Hz, 1H), 6.53 (dd, J =
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15.0 Hz, 10.8 Hz, 1H), 6.35 (m, 1H), 4.07 (d, J = 7.5 Hz, 2H); 13C NMR (75 MHz, CDCl3)
δ 190.3, 142.6, 137.8, 132.9, 132.6, 128.6, 128.4, 127.0, 31.3; HRMS m/e for C12H11BrO
calculated (M+1)+ 251.0072, found 251.0068.

6-(2,4,6-Trimethylphenyl)-1-phenyl-2,4-hexadienone (105)

To a suspension of GaCl3 (0.003 g, 0.02 mmol, 10 mol%), and 4Å molecular sieves
(ca. 0.4g) in CH2Cl2 (6 mL) were added mesitylene (0.12 mL, 0.86 mmol, 5 equiv.) and
previously synthesized and purified 104 (0.0438 g, 0.17 mmol) at room temperature. The
reaction was heated to reflux, stirred under N2 and monitored by TLC for 20 h. Following
the removal of volatiles under reduced pressure and chromatography (10:1 PE:Et2O), a
yellow oil was produced (0.0251 g, 50%).
IR (neat) λmax 3000, 2917, 2851, 1660, 1587, 1000, 693 cm-1; 1H NMR (300 MHz, CDCl3)
δ 7.91 (d, J = 7.2 Hz, 2H), 7.44 (m, 4H), 6.89 (s, 2H), 6.83 (d, J = 15.0 Hz, 1H), 6.36 (dt, J
= 15.0 Hz, 5.7 Hz, 1H), 6.09 (dd, J = 15.0 Hz, 11.1 Hz, 1H), 3.52 (d, J = 5.1 Hz, 2H), 2.29
(s, 3H), 2.26 (s, 6H);

13C

NMR (75 MHz, CDCl3) δ 190.7, 144.9, 142.9, 138.1, 136.5,

135.8, 132.4, 131.8, 128.9, 128.8, 128.4, 128.3, 123.9, 32.7, 20.8, 19.8; HRMS m/e for
C21H22O calculated (M+1)+ 291.1749, found 291.1745.
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2,4-Hexadiyn-1,6-diol (107)

The synthesis outlined by Bierer et al84a was followed but adjusted slightly to give
107. To a solution of propargyl alcohol (19.2 mL, 0.333 mol) and pyridine (10.5 mL, 0.129
mol) in methanol (33 mL) was added CuCl (1.6382 g, 0.01665 mol, 5 mol%). The reaction
was bubbled with O2 for 2 h and then stirred sealed and after the workup reported 107
(9.691 g, 53%) was obtained as a tan solid.
MP 110.2-111.7 °C (lit84b MP 111-112 °C).

2,4-Hexadien-1,6-diol (108)

The synthesis outlined by Doyle et al84c was followed to give 108. The compound
107 (1.7804 g, 16.17 mmol) in THF (175 mL) was cooled to 0°C and LiAlH4 was added
(3.0586 g, 80.60 mmol) in portions. The mixture was heated to reflux for 24 h and after the
reported reaction workup, 108 was obtained (1.6245 g, 88%) as yellow needles.
MP 100-102 °C (lit84d MP 105.5-106.5 °C).
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6-(Methoxymethoxy)-2,4-hexadienol (109)

The synthesis outlined by Ganton and Kerr90 was modified. To a mixture of 106
(2.946 g, 0.0258 mol) and diisopropylethylamine (10 mL, 0.057 mol) in dry CH2Cl2 (75
mL) and dry THF (75 mL) at 0°C was added chloromethyl methyl ether (1.1 mL, 0.0145
mol). The mixture was stirred at room temperature for 20 h, then evaporated under reduced
pressure and the crude residue was purified by chromatography (3:1 EtOAc:PE) to give
109 (1.5752 g, 39%) as a yellow oil. As well, some 108 (0.7388 g, 25%) was recovered,
and it eluted more slowly than 109.
IR (neat) λmax 3396, 2933, 2884, 1146, 1076, 1029, 988 cm-1; 1H NMR (300 MHz, CDCl3)
δ 6.27 (m, 2H), 5.80 (m, 2H), 4.63 (s, 2H), 4.17 (d, J = 5.4 Hz, 2H) 4.09 (d, J = 5.7 Hz,
2H), 3.36 (s, 3H), 1.89 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 132.6, 131.9, 130.2, 129.3,
95.5, 67.3, 63.0, 55.2; LRMS m/e 158; HRMS m/e calculated (M-H2O+H)+ 141.0916,
found 141.0912.

6-(Methoxymethoxy)-2,4-hexadienal (110)

To a solution of 109 (1.6456 g, 0.0104 mol) in dry CH2Cl2 (150 mL) was added
pyridinium dichromate (4.5104 g, 0.01199 mol, 1.2 equiv.) and the mixture was stirred
under N2 for 18 h. The solution was diluted with 300 mL Et2O, filtered, washed with water
three times, dried over magnesium sulfate and evaporated under reduced pressure. The
mixture was then purified by chromatography (3:1 EtOAc:PE) to give 110 as a yellow oil
(1.2343 g, 76%).
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1H

NMR (300 MHz, CDCl3) δ 9.49 (d, J = 7.8 Hz, 1H), 7.06 (dd, J = 15.3 Hz, 10.8 Hz,

1H), 6.46 (dd, J = 15.3 Hz, 10.8 Hz, 1H), 6.28 (dt, J = 15.3 Hz, 5.1 Hz, 1H), 6.07 (dd, J =
15.3 Hz, 7.8 Hz, 1H), 4.59 (s, 2H), 4.14 (d, J = 3.9 Hz, 2H), 3.30 (s, 3H).

7-(Methoxymethoxy)-3,5-heptadien-2-ol (111)

To a 0 °C solution of 110 (1.2343 g, 7.9 mmol) in dry THF (120 mL) under N2 was
added methylmagnesium bromide (4 mL, 3M in Et2O). The reaction was stirred for 3 h at
0°C, at which point saturated ammonium chloride solution was added and the mixture
evaporated under reduced pressure. The solution was then extracted with EtOAc two times,
and the organic phases were washed with water twice and brine once before being dried
over magnesium sulfate. After evaporation under reduced pressure, 111 was found as a
yellow oil (1.2845 g, 94%).
IR (neat) λmax 3397, 3020, 2970, 2930, 2883, 1369, 1029, 991 cm-1; 1H NMR (300 MHz,
CDCl3) δ 6.22 (m, 2H), 5.75 (m, 2H), 4.64 (s, 2H), 4.35 (m, 1H), 4.09 (d, J = 5.7 Hz, 2H),
3.37 (s, 3H), 1.60 (s, 1H), 1.28 (d, J = 6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 137.7,
132.0, 129.4, 128.7, 95.5, 68.4, 67.3, 55.2, 23.3; LRMS m/e 172; HRMS m/e calculated
(M-H2O+H)+ 155.1072, found 155.1068.
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7-(Methoxymethoxy)-3,5-heptadien-2-one (112)

To a solution of 111 (1.1845 g, 6.88 mmol) in dry CH2Cl2 (75 mL) was added
pyridinium dichromate (3.057 g, 8.125 mmol) and the mixture was stirred under N2 for 18
h. The solution was diluted with 150 mL Et2O, filtered, washed with water three times,
dried over magnesium sulfate and evaporated under reduced pressure. The mixture was
then purified by chromatography (3:1 EtOAc:PE) to give 112 as a yellow oil (0.8097 g,
69%).
1H

NMR (300 MHz, CDCl3) δ 7.13 (dd, J = 15.6 Hz, 10.8 Hz, 1H), 6.44 (dd, J = 15.3 Hz,

10.8 Hz, 1H), 6.19 (m, 2H), 4.68 (s, 2H), 4.20 (d, J = 5.4 Hz, 2H), 3.39 (s, 3H), 2.29 (s,
3H).

7-Hydroxyl-3,5-heptadien-2-one (113)

To a solution of 112 (0.8097 g, 4.76 mmol) in methanol (30 mL), 60 drops of 3M
HCl was added and the reaction was brought to reflux for 1 h. After the solution was cooled,
it was diluted with 30 mL 10% NaOH and extracted with CH2Cl2. After evaporation under
reduced pressure, the resulting product was found as a light yellow oil and was brought to
the next step without further purification.
1H

NMR (300 MHz, CDCl3) δ 7.12 (dd, J = 15.6 Hz, 10.5 Hz, 1H), 6.38 (m, 1H), 6.25 (m,

2H), 4.28 (d, J = 4.2 Hz, 2H), 2.23 (s, 3H).
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7-Bromo-3,5-heptadien-2-one (114)

To the crude 113 (4.76 mmol assuming 100% conversion in previous step) in
CH2Cl2 (60 mL) at 0°C under N2 was added phosphorus tribromide (0.45 mL, 0.47 mmol)
dropwise. After 1.5 h, the reaction was quenched with water, separated, dried over
magnesium sulfate and evaporated under reduced pressure. The gooey black mixture was
purified by chromatography (2:1 Et2O:PE) to afford a yellow oil (0.1034 g, 11% over 2
steps).
IR (neat) λmax 3007, 2968, 2927, 1666, 993, 568 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.06
(dd, J = 15.6 Hz, 10.2 Hz, 1H), 6.31 (m, 2H), 6.14 (d, J = 15.9 Hz, 1H), 4.01 (d, J = 7.2 Hz,
2H), 2.25 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 198.1, 141.1, 137.3, 132.2, 131.9, 31.1,
27.3; HRMS m/e for C7H9BrO calculated (M+1)+ 188.9915, found 188.9915.

7-(2,4,6-Trimethoxyphenyl)-3,5-heptadien-2-one (115)

To a suspension of GaCl3 (0.002 g, 0.01 mmol, 10 mol%) and 4Å molecular sieves
(ca. 0.4 g) in CH2Cl2 (6 mL) were added 1,3,5-trimethoxybenzene (0.075 g, 0.45 mmol, 5
equiv.) and previously synthesized and purified 114 (0.017 g, 0.090 mmol) at room
temperature. The mixture was heated to reflux, stirred under N2 and monitored by TLC for
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18 h. Following removal of volatiles under reduced pressure and chromatography (3:1
PE:Et2O), a yellow oil was produced (0.0140 g, 56%).
IR (neat) λmax 3000, 2923, 2850, 1659, 1595, 1202, 1149, 1117, 995, 813 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.08 (dd, J = 15.6 Hz, 10.5 Hz, 1H), 6.25 (m, 1H), 6.12 (m, 3H), 6.00
(d, J = 15.6 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 6H), 3.44 (d, J = 6.0 Hz, 2H), 2.22 (s, 3H); 13C
NMR (75 MHz, CDCl3) δ 198.9, 160.0, 158.8, 144.7, 144.5, 128.7, 128.2, 107.5, 90.6,
55.8, 55.4, 26.9, 26.3; HRMS m/e for C16H20O4 calculated (M+1)+ 277.1440, found
277.1441.
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APPENDIX A:
COMPUTATIONAL CALCULATIONS OF
HEXACARBONYLDICOBALT PROPARGYL ACETATE COMPLEX
IONIZATIONS

As discussed in Chapter 1, the Green group has performed extensive research on
the Nicholas reaction, which involves functionalizing a hexacarbonyldicobalt complexed
propargyl cation. Recently, competitive Nicholas reactions between cobalt-complexed
propargyl acetate substrates containing various functional groups adjacent to the
complexed alkyne were performed to determine the effects of remote substituents on the
relative rates of the reactions. The reactions were performed on compounds 116-120 in
pairs and were mediated by the Lewis acid BF3•OEt2 at 0 °C in CH2Cl2 (Scheme A.1).
Various nucleophiles were tested. By integrating the relevant 1H NMR resonances, the
relative rates of reactions of these substrates were able to be calculated. The overall order
of reactivity as well as the relative rates found from these experiments were:91
120 (n-Bu) > 119 (TMS) > 118 (Vinyl) > 117 (Ph) > 116 (Unsub)
krel

3.7

2.3

1.5

1.2

91

1.0

Figure A.1. The reaction of a cobalt-complexed propargyl acetate compound with BF3 to
generate a propargyl cation and the structure of compounds 116-120.

In an attempt to rationalize the experimental trends found for relative rates of the
compounds 116-120, the energies of ionizations of these structures were studied
computationally, therefore using the Hammond postulate. Energy calculations were
initially conducted with several functionals and basis sets, with the final functional choice
being the M06L functional as it is useful for transition metals and fairly rapid.92 An
optimization with the basis set of 6-31G(d,p) was performed and the optimized structures
also underwent single point energy calculations with the basis set 6-311+G(2df,p) to give
more accurate energy measurements (Table A.1). The ΔE of ionizations were simply
calculated as the energy of the cation and BF3OAc-, minus the energy of the initial
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compound and BF3. As well, the dielectric constant of the solvent, dichloromethane, was
included in both of these calculations.
Table A.1. The ionization energies of compounds 116-120.

Compound

M06L/6-31G(d,p) in CH2Cl2

M06L/6-311+G(2df,p) in CH2Cl2

Optimization

Single point energy

ΔE of

ΔE of

Ionization Ionization

ΔE
relative

ΔE of

ΔE of

Ionization Ionization

ΔE
relative

(a.u.)

(kcal/mol)

to 116

(a.u.)

(kcal/mol)

to 116

116 (Unsub)

0.03276

20.56

0

0.01869

11.73

0

117 (Ph)

0.03102

19.46

-1.10

0.01624

10.19

-1.54

118 (Vinyl)

0.03108

19.50

-1.06

0.01692

10.62

-1.11

119 (TMS)

0.03128

19.63

-0.93

0.01651

10.36

-1.37

120 (n-Bu)

0.03079

19.32

-1.24

0.01595

10.01

-1.72

From Table A.l, it can be seen that the unsubstituted alkyne, 116 produces the most
unstable cation and therefore the ΔE of ionization is largest for both basis sets used. For
both basis sets, 120 had the smallest ΔE of ionization, which is in agreement with the
experimental results. The overall reactivity patterns found were:
M06L/6-31G(d,p): 120 (n-Bu) > 117 (Ph) > 118 (Vinyl) > 119 (TMS) > 116 (Unsub)
M06L/6-311+G(2df,p): 120 (n-Bu) > 117 (Ph) > 119 (TMS) > 118 (Vinyl) > 116 (Unsub)
Experimental: 120 (n-Bu) > 119 (TMS) > 118 (Vinyl) > 117 (Ph) > 116 (Unsub)
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While the computational results do not match up with the experimental results
perfectly, the general trend is consistent. It was found that the alkyl group, n-butyl, in 120
provides the most stabilization to the cation, while the unsubstituted alkyne 116 provides
the least stabilization. The stabilization of compounds 117-119 are intermediate, although
these relative stabilities do not match up between the experimental and computational
work. However, the relative reaction rates of these three compounds as well the relative
ΔE of ionization calculated were found to be much smaller than those involving
compounds 120 and 116.
The results found are consistent with previous findings in the Green group when
studying the hexacarbonyldicobalt dehydrotropylium ion, in that the alkynedicobalt unit
results in separation of the cation and substituent, thereby drastically reducing the
conjugative stabilization effects of the substituent when compared to the cobalt-free
alkyne.93 Because of this, inductive stabilization effects become more important, which
explains why 120, containing the n-butyl substituent, gives the most cation stability. Phenyl
and vinyl groups both provide less inductive stabilization than a hydrogen atom,94 but all
results found show phenyl 117 and vinyl 118 providing more stabilization than the
unsubstituted 116, demonstrating that some conjugative stabilization effects are still
present. As well, for the trimethylsilyl group, the relative inductive effect is not fully
understood as it varies depending on the measurement methods, but it tends to be less
donating than an alkyl group, and more than a hydrogen atom.95 The results found
correspond to this trend, as 119 provides intermediate stabilization, both experimentally
and computationally.
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Overall, the single point energy calculations utilizing M06L/6-311+G(2df,p)
should provide the most accurate energetic representation of these compounds 116-120
studied, and the overall trends observed line up with those found experimentally, providing
more of a rationalization for the experimental results.
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